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ABSTRACT
A variety of normal operation and accident scenarios can generate thermal stresses
large enough to cause cracking in ceramic fuel pellets. Cracking of fuel pellets can lead to
reduced heat removal, larger centerline temperatures, and localized stress in cladding all of
which impact fuel performance. It is important to understand the temperature profile on
the pellet before and after cracking to improve cracking models in fuel performance codes
such as BISON. However, in-reactor observation and measurement of cracking is very
challenging owing to the harsh environment and design of fuel rods.

Recently, an experimental pellet cracking test stand was developed for separate
effects testing of normal operations and accident temperature conditions, using thermal
imaging to capture the pellet surface temperature for evaluation of thermal stresses and
optical imaging to capture the evolution of cracking in real time. Induction heating was
done using copper coils and molybdenum susceptors, which heated the pellets to a
threshold temperature that is sufficiently high for the fuel material to conduct current.
Thereafter, direct resistance heating was achieved by passing current through the specimen
using a DC power supply to introduce volumetric heating to simulate LWR operating
conditions. The pellets were held against nickel electrodes and mounted on a boron nitride
test-stand. All the tests were carried out in a stainless-steel vacuum chamber. Simultaneous
real-time dual imaging of the surrogate pellet surface was implemented using an optical
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and infrared camera system that was mounted along axial and perpendicular directions to
the pellet surface, respectively. A beam-splitter was used to split the incoming radiation
from the sample into two halves. While one of the beams was transmitted from the splitter
through a bandpass filter to obtain optical images, the other beam was reflected from the
splitter to the thermal camera to capture full-field temperature gradients of the as-fabricated
pellet surface during cracking. A LabVIEW data acquisition system was set up for
collecting useful data during experiments.

Cracking experiments were performed using surrogate fuel material including ceria
(CeO2) which was useful for developing and demonstrating the experimental approaches
but is also valuable in its own right for cracking model development and validation.
Material properties of CeO2 has also been compared to plutonium dioxide (PuO2) along
with UO2. This will help in extending the experimental results with surrogate ceria pellets
to UO2 and PuO2 for validation of test stand and expected experimental results. A
combination of induction and resistance heating was used to create an average radial
temperature difference of 259° just before initiation of cracking and an average temperature
difference of 220°C was measured at the end of the experiments.

After validating the test stand and establishing the experimental conditions using
surrogate ceria pellets, separate effects tests were conducted to study cracking in out-ofpile uranium dioxide (UO2) pellets which is useful for establishing benchmark test
conditions and to collect data valuable for development and validation of cracking models
using fuel performance codes such as BISON. A combination of induction and resistance
heating was used to create an average radial temperature difference of 236°C and 193°C
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before and after cracking respectively. The experimental results obtained here for single
UO2 pellet can be used for validating the fracture models in BISON. Characterization of
the pellets were done before as well as after cracking for understanding cracking behavior
and physical properties of the UO2 pellets at ambient temperature.

The cracking patterns are somewhat different than those expected in a typical
reactor because of the differences in operating thermal conditions and pellet
microstructure. However, if the actual experimental conditions are to be reproduced in
computational models, these out-of-pile tests on UO2 pellets provide relevant data for
modeling purposes. The findings from this work will help improve confidence in fracture
models used for fuel pellets under similar in-reactor conditions.
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CHAPTER 1
INTRODUCTION
Uranium is used as fuel in a nuclear reactor, in form of oxide, UO2. The oxygen in
UO2 makes the fuel chemically inert, makes it resistant to radiation damage, gives the fuel
a high melting point and contributes to the cubic crystal phase, resembling a fluorite
structure [1]. The behavior of ceramic fuel is significantly affected by fracture, which is
driven by multiple phenomena. Early in the life of fresh fuel, fracture is primarily caused
by thermal stresses. The fission process in the cylindrical fuel pellets causes volumetric
heating that in conjunction with the forced convective cooling on the exterior of the fuel
rod results in an approximately parabolic temperature profile. The significant tensile
stresses that this temperature profile causes on the pellet exterior results in crack initiation
in fresh fuel, even during the initial ramp to power. Fuel fracture has important implications
for fuel performance in normal operating conditions since it affects heat transfer through
the fuel as well as the size of the fuel-cladding gap and can cause increased localized
stresses in the cladding in the vicinity of fuel cracks. It is also of interest for understanding
fuel behavior during accident conditions, because in the event of cladding rupture, dispersal
of fuel fragments in the coolant is affected by their size.
For fuel performance codes to be predictive under a wide range of operating
conditions, it is important for them to faithfully represent all aspects of behavior of the fuel
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system behavior via physics-based models. Because of their important role in regard to fuel
behavior, improving the models for representing fracture is of high priority in development
of such codes. Although significant advances have been made in modeling fracture, there
is limited data available on the processes of fracture initiation and growth for direct
validation of these models. A US Department of Energy (DOE) Nuclear Energy University
Program (NEUP) project is currently supporting multiple experimental efforts, including
the one described here, to provide improved data for validation of these models [2],
specifically targeting BISON code [3] . These include out-of-reactor experiments, as well
as a series of planned experiments in Idaho National Laboratory’s Transient Test Reactor
(TREAT).
Developing an experiment that permits quantification of the process of fracture
initiation and growth in Light Water Reactor (LWR) fuel is challenging due to difficulties
in both replicating the thermal conditions experienced by the fuel in the reactor and
instrument the experiment in a way that permits observation of crack growth without
compromising those representative conditions. Using resistive heating to replicate the
volumetric heating that occurs in the nuclear reactor is attractive because it permits more
extensive instrumentation than would be possible in an in-reactor experiment. This
approach is being used in the experimental work described herein. One major challenge
related to resistive heating is that UO2 is a semiconductor and has very high electrical
resistivity at low temperatures. When its temperature is raised, it becomes much more
conductive, permitting resistive heating. The experimental apparatus used in this work
employs inductive heating to raise the temperature of the UO2 prior to performing resistive
heating.
2

In the late 1970s, resistive heating was used in a series of experiments at Argonne
National Laboratory [4]. In those experiments, two power supplies operating in parallel
were used to pass current axially through a stack of pellets to raise them to a temperature
high enough for them to become conductive, then enough current was applied to obtain
the desired heating. A low-voltage, high-current power supply (300 V and 300 A) was used
in tandem with a high-voltage, low-current power supply (2500 V and 10 A). A high
voltage was applied for the initial pre-heating of the pellets. When the temperature
increased and the resistance decreased, the current increased until it reached a limiting
value of 10 A, (until the voltage decreased to 300 V), at which time the system provided a
constant 300 V with a current of up to 310 A. This system provided rapid heating to
replicate reactivity-initiated accident (RIA) conditions. Cooling on the outer surface of the
pellets was achieved by flowing cooled helium past the pellet stack. Three pyrometers were
used to capture temperatures at different ranges, such as 400–1000°C, 900–1600°C, and
1500–3000°C. The configuration of that experiment did not permit direct observation of
crack formation, but acoustic emission techniques were used to detect whenever crack
propagation occurred.
The current work utilizes a significantly different configuration than that of the
Argonne National Laboratory experiments, allowing for imaging of the top surface of the
fuel pellet in order to observe radial crack formation intersecting the pellet surface. Instead
of passing the current axially through the pellets as in the previous work, electrodes were
placed on the sides of a single pellet to pass the current transversely across it. This allowed
for an unobstructed view of the top surface of the pellet. A unique dual imaging technique
was utilized in which an infrared camera captured the pellet’s full-field temperature
3

gradient while—simultaneously and in real time—an optical camera system captured
physical images of cracks. Also, rather than using a high voltage when performing the
initial pre-heating, the present work employs induction heating as a more controlled
method for raising the pellets to a temperature at which they become sufficiently
electrically conductive.
Initial efforts in developing this experimental equipment have been directed
towards imaging surface cracks and measuring the corresponding temperature profiles. To
simplify the process of calibrating and verifying the instrumentation used in these
experiments, without the material handling challenges inherent with UO2, a nonradioactive
surrogate material was selected. Since ceria (CeO2) has been widely used in the industry
as a nonradioactive surrogate for UO2, it was chosen as a surrogate for the fuel pellets in
the initial phases of the present study.
Two ceramic materials were initially considered as candidates: ceria and yttriastabilized zirconia (YSZ). The high energy bandgap of 5 eV for YSZ compared to 3.5 eV
for CeO2 demands a higher voltage (>300 V) and current (11 A) from the power supply.
An attempt was made to use YSZ to obtain centerline temperatures comparable to those
expected for UO2, however due to the high voltage and current, this resulted in melting the
electrodes. Thus, this failed test case ruled out the use of YSZ as a surrogate for UO2 for
the present effort, and focus was placed on ceria. The choice of ceria as a surrogate material
can be extended to understand the Plutonium Dioxide (PuO2) as well. Hence, studying the
properties of ceria would also throw light on predicting and understanding the behavior of
PuO2 in a wide range of temperatures, which would facilitate easy and meticulous material
handling of PuO2 sample in future study.
4

This work presents a detailed survey of the relevant thermo-physical and thermomechanical properties of ceria compared to equivalent properties of UO2 and PuO2, the
results of experiments using ceria and UO2 pellets, collecting useful data such as
temperature gradient, current-voltage-time histories and images of cracks in real time for
improvement of cracking models in BISON. In meeting the requirements for the current
experimental study, the survey includes electrical, thermal, and mechanical properties. The
current study also discusses important characterization techniques for UO2 pellets before
and after cracking to understand cracking mechanisms, fracture behavior and other
important physical properties at room temperature.
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CHAPTER 2
MOTIVATION AND CONTEXT
A combination of normal operation and accident scenarios can create larger
temperature gradients in the fuel pellet generating thermal stresses large enough to cause
cracking in light-water reactor (LWR) fuel pellets. One such accident scenario caused by
increased reactivity in the fuel rod known as Reactivity Initiated Accident (RIA).
Reactivity initiated accidents occur in a nuclear reactor due to a sudden unwanted
increase in fission rate and reactor power. According to the Nuclear Regulatory
Commission (NRC), RIAs consist of postulated accidents that involve a sudden and rapid
insertion of positive reactivity encompassing unwanted increase in fission rate and reactor
power [5]. This leads to immediate consequences such as very rapid increase in fuel power
and fuel temperature. Figure 2.1 represents the power ramp in case of an RIA situation.

Figure 2.1. Simulation of CABRI REP-Na2 pulse reactor test by use of
SCANAIR computer code [5]
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In the graph above, the solid line is the calculated clad bi-axiality ratio (σzz/σθθ),
and the dashed line is the power pulse. Both parameters are evaluated at the peak power
axial position of the fuel rod. Here, σzz and σθθ are the axial and hoop (tangential) cladding
stresses, respectively.
The radial temperature distribution during RIA is of keen interest in this study. It is
not a trivial issue to understand since that will give us an insight into the temperature
gradient across the pellet during the separate effects’ experiments. Figure 2.2 shows the
radial temperature distribution early in the power transient [7].

Figure 2.2. Edge-peaked pellet temperatures early in an RIA
transient and center-peaked temperatures after significant heat transfer [7]
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The sudden increase in power causes failure of fuel rods, which eventually leads to
the release of radioactive materials into the primary reactor coolant. Accidents those are
common in case of RIA are Control Rod Ejection Accident (REA) in case of PWRs. REA
is caused due to mechanical failure of the control rod drive mechanism. The second major
type of accident involved in an RIA situation is Control Rod Drop Accidents (RDA) which
is most likely observed in BWRs. RDA occurs when the control rod blade is separated
from its drive mechanism. Incidents of severe RDA leads to cold zero power (CZP) at a
state with a strongly sub-cooled coolant and almost zero reactor power. Last but not the
least, loss of coolant accidents (LOCA) is also a kind of reactivity-initiated accidents. A
LOCA is caused by a break in the reactor coolant pressure boundary. The temperature of
the reactor core continues to rise due to the radioactive decay in the fuel as well as the
reduction or loss of coolant.
Modelling transient fuel performance is more challenging than steady state cases.
However, transient phenomena generally provide better validation of models. The timedependent nature of fuel reactivity transients sometimes requires totally different physical
or chemical models due to the rapid rate of change, as well as the use of time and
temperature dependent properties.
Therefore, RIA transients have been chosen to generate validation data for the
following reasons:
1. RIA data such as cracking patterns observed only due to temperature gradients
during transients can provide ultimate validation of codes used to model transient fuel
performance. It can be noted that the time period of a transient is too short for any grain restructuring to occur in the fuel pellet.
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2. There is a clear gap for validation data from integral reactor experiments for RIA
and systematic separate effect data for key processes involved in RIA transients.
3. Validated transient fuel performance codes provide critical support to the DOE ATF
program, which does not include code validation as part of the ATF work scope
Typically, an RIA event consists of two stages: (i) near adiabatic heat phase in the
first 10-50 ms and (ii) heat transfer phase from 10-100 seconds. The following variables
affect the failure in fuel under an RIA scenario: (i) cladding temperature, (ii) expansion of
fuel and/or (iii) fission gas release. These variables are also controlled by certain reactor
factors like power pulse width and the energy deposited in the fuel. The power pulse width
can be defined as full width at half maximum value of reactor power expresses as a function
of time. The energy deposition is characterized by an increase in enthalpy expressed in
cal/g of fuel.
Predicted simulations of several RIA scenarios in research reactors at 72 ms
FWHM pulse width is about 1200 KJ/Kg or 290 cal/g looks pronounced and feasible [8].
Rod-drop or rod rejection accident is a common form of RIA in LWRs. In such an event
the U.S. NRC requires the fuel rod enthalpy to be under 1170 KJ/Kg fuel or 280 cal/g fuel
[9]. This ensures cooling down of the core. Recent RIA simulations of high burnup
irradiated LWR fuel rods have failed at enthalpies well below the threshold values [10, 11,
12].
Therefore, in an RIA situation, the process of energy deposition, causes an increase
in fuel enthalpy, leading to thermal expansion of fuel which results in pellet-clad
mechanical interaction (PCMI). This strain the clad. Under such accident scenarios, there
is a high likelihood of fuel or clad failure. So separate effects tests under such transients
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will be useful to validate the MBM fuel performance codes. During RIA, enhanced
reactivity leads to deformation of fuel pellets inside the cladding. This leads to ballooning
of the cladding tube as they take the shape of the pellets, which results in crack formation
in the clad. The helium in the fuel cladding gap is contaminated with the release of fission
products like xenon krypton and iodine. This leads to free mobility of radioisotopes of the
fission products which on entering the reactor coolant increase contamination levels
leading to the core of the reactor. Cladding failure also leads to chemical reactions in the
inner surface of the clad. Combination of tensile stresses and chemical corrosion on the tip
of the crack leads to stress-corrosion cracking (SCC).
Cracking of fuel pellets can lead to reduced heat removal, larger centerline
temperatures, and localized stress in cladding all of which impact fuel performance. It is
important to understand the temperature profile on the pellet before and after cracking to
improve cracking models in fuel performance codes such as BISON. However, in reactor
observation and measurement of cracking is very challenging owing to the harsh
environment and design of fuel rods. Recently, a state-of-the-art experimental pellet
cracking test stand was developed for separate effects testing of normal operations and
accident temperature conditions, using thermal imaging to capture the pellet surface
temperature for evaluation of thermal stresses and optical imaging to capture the evolution
of cracking in real time [13]. Cracking experiments were performed using depleted
uranium dioxide (UO2) pellets which is useful for establishing benchmark test conditions
and to collect data valuable for improvement of cracking models. The experimental results
obtained here for single UO2 pellet can be used for validating the fracture models in
BISON.
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CHAPTER 3
REVIEW OF LITERATURE
This section primarily deals with the various properties of uranium dioxide
compared with surrogate ceria and plutonium dioxide. UO2, the most used fuel in nuclear
power plants to generate energy also known as Urania or Uranous oxide, is an oxide of
uranium, and is a black, radioactive, crystalline powder occurring naturally in the mineral
uraninite.
Initial efforts in developing this experimental equipment have been directed
towards imaging surface cracks and measuring the corresponding temperature profiles. To
simplify the process of calibrating and verifying the instrumentation used in these
experiments, without the material handling challenges inherent with UO2, a nonradioactive
surrogate material was selected. Since ceria (CeO2) has been widely used in the industry
as a nonradioactive surrogate for UO2, it was chosen as a surrogate for the fuel pellets in
the initial phases of the present study.
Therefore, two ceramic materials were considered as candidates: ceria and yttriastabilized zirconia (YSZ). The high energy bandgap of 5 eV for YSZ compared to 3.5 eV
for CeO2 demands a higher voltage (>300 V) and current (11 A) from the power supply.
An attempt was made to use YSZ to obtain centerline temperatures comparable to those
expected for UO2, however due to the high voltage and current, this resulted in melting the
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electrodes. Thus, this failed test case ruled out the use of YSZ as a surrogate for UO2 for
the present effort, and focus was placed on ceria.
This section presents a detailed survey of the relevant properties of ceria compared
to equivalent properties of UO2 and PuO2. In meeting the requirements for the current
experimental study, the survey includes electrical, thermal, and mechanical properties.
3.1. UO2 as LWR fuel
In a nuclear reactor energy is produced by splitting of heavy atomic nucleus such
as uranium or plutonium, into two fragments of near similar mass, releasing a large amount
of energy. Fission could occur spontaneously or on impact by neutrons, protons, deuterons,
alphas or by electromagnetic radiation from gamma rays [14]. Uranium-235, by far is the
only naturally occurring fissile nuclide which undergoes fission reaction with neutrons
given by
235

U + 𝑛𝑡ℎ → 2FP + 2𝑛𝑓 + 200 MeV

(1)

where 𝑛𝑡ℎ is a neutron in thermal equilibrium with the coolant (E~ 0.1 eV) and 𝑛𝑓 denotes
fast or high energy neutron produced by fission (E~ 1 MeV). Naturally occurring uranium
has only 0.71% of the fissile 235U isotope which is not optimum enough for a chain reaction
to occur. Hence, for LWRs, the natural uranium needs to be enriched to at least 3-5% 235U
concentrations.
Uranium is used as fuel in a nuclear reactor, in form of oxide, UO2. The oxygen in
UO2 makes the fuel chemically inert, makes it resistant to radiation damage, gives the fuel
a high melting point and contributes to the cubic crystal phase. Compared to uranium metal,
UO2 is superior in terms of the properties discussed above except for uranium atom density
and thermal conductivity. Furthermore, UO2 can be mixed with plutonium (as PuO2) to
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form mixed oxide (MOX) fuel. Plutonium is either obtained from reprocessing of spent
UO2 fuel or from unused nuclear weapons [15].
A typical nuclear fuel rod consists of several pellets arranged in pile about 4 to 5
meters long inside zircaloy tubes or cladding which are about 0.4 to 0.8 mm thick and
closed at both ends. For LWRs, UO2 pellets are 1 cm in diameter and 1 cm tall. Pellets are
manufactured from yellow cake, which is obtained from uraninite uranium ore during the
extraction process. The ore is subjected to cycles of transformations and enrichment before
being pressed into solid dense pellets. Inside a fuel rod, the thin gap between pellets and
cladding is filled with helium gas at about 3 atm. Helium helps in enhancing heat transfer
from pellets to the coolant. Several fuel rods are assembled in a grid pattern to minimize
fuel vibration and isotropic movements. Based on reactor designs, number of fuel
assemblies varies from somewhere around 49 to excess of 300. Reactor type and the power
production rate determines the number and the rate of loading and discharging fuel
assemblies in a reactor core [16].
3.2. Physical Properties of UO2, PuO2 and CeO2
Initial efforts in developing this experimental study were directed towards imaging
surface cracks and measuring the corresponding temperature profiles [13]. To simplify the
process of calibrating and verifying the instrumentation used in these experiments, without
the material handling challenges inherent with UO2, a nonradioactive surrogate material
was selected. Since ceria (CeO2) has been widely used in the industry as a nonradioactive
surrogate for UO2, it was chosen as a surrogate for the fuel pellets in the initial phases of
the present study. The studies with ceria could also be extended as an surrogate for
understanding the behavior and properties of PuO2 as well. Therefore, it was important to
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understand the electrical, thermal, and mechanical properties of ceria, such as thermal
expansion, porosity, and elastic modulus, and compare them to UO2 and PuO2. In addition,
since infrared and optical imaging were used for noncontact temperature measurement and
capturing cracking in real time, there was a need for thorough understanding of emissivity
and surface conditions of the sample, which would determine the effectiveness of the
measurements based on emitted radiation. A suitable surrogate material does not need to
have precisely the same characteristics as the material it is serving as a surrogate for, but it
should have reasonably similar characteristics and exhibit a similar physical response under
the range of conditions applicable to a given experiment. Since, collecting data for
validation of models in BISON is the novelty of the cracking experiments, it was
significantly important to illustrate the comparison of the material properties between CeO2
and UO2 which were used in the input files for developing the BISON models.
The following sections of this paper provide a survey of the available data on the
electrical, thermal, and mechanical properties of ceria of interest for this study and compare
those properties with equivalent properties of UO2 and PuO2.
3.2.1. Structure
Ceria has the same calcium fluorite structure as UO2 and PuO2. Moreover, as
outlined in Table 3.1, the basic physical properties of ceria are very comparable to UO2
and PuO2. Therefore, we anticipate that the thermal and mechanical response of ceria will
be qualitatively comparable to that of UO2 under the same volumetric heating conditions.
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Table 3.1. Basic physical properties of CeO2, UO2 and PuO2

Properties

UO2

CeO2

PuO2

Melting Point

2865C

2400C

2,744 °C

Crystal structure

Cubic (Fluorite)

Cubic (Fluorite)

Cubic (Fluorite)

Solubility in water

Insoluble

Insoluble

Insoluble

Density

10.97g/cm3

7.65 g/cm3

11.50 g/cm3

2.4 W/mK

2.3 W/mK

2.8 W/mk

10.51 x 106 K-1

11.7 x 106 K-1

7.8 x 106 K-1

Young’s modulus at 23°C

208 GPa

180 GPa

219 GPa

Poisson’s Ratio

0.29-0.31

0.302-0.308

0.32

Thermal Conductivity
(1000C)
Coefficient of thermal
expansion

In the present experimental series that is motivating this survey, UO2 is to be
subjected to inductive and resistive heating to replicate the conditions experienced by LWR
fuel in the reactor. Thus, in addition to the thermal and mechanical properties, electrical
conductivity is also of great interest.
3.2.2. Electrical conductivity
Tuller and Nowick [17] studied the effects of stoichiometry and temperature on the
electrical conductivity of pure single crystal ceria. The studies were carried out under
isothermal conditions over a range of oxygen partial pressures and temperatures varying
from 635 to 1500°C. Blumenthal et al. [18] also made similar studies at higher temperatures
above 1100°C on polycrystalline cerium dioxide.
Bates et al. [19], studied the electrical conductivity of nearly stoichiometric single
and poly crystalline UO2 from room temperature to 3500K. In case of both ceria and
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uranium dioxide, the dependency of electrical conductivity on the temperature can be
expressed as an Arrhenius equation of the form
𝜎 = 𝜎0 𝑒 −𝐸⁄𝑘𝑇

(2)

UO2 exhibits a distinct discontinuity in its behavior around 1350 K. The various
coefficients used for curve fitting of the Arrhenius equation are; σ0,UO2 =
0.8825 X 10−3 ohm−1 cm−1 for low temperature ranges (300K ≤T≤ 1350K), σ0,UO2 =
3532.64 X 10−3 ohm−1 cm−1 for high temperature ranges (1400K ≤T≤ 3000K) σ0,CeO2 =
76300, EUO2 = 0.16743 eV for low temperature ranges (300K ≤T≤ 1350K), EUO2 =
1.1478 eV for high temperature ranges (1400K ≤T≤ 3000K) and ECeO2 = 1.3 eV.
The thermo-electrical behavior of PuO2 was studied from room temperature to
1000°C by C.E. McNeilly [20]. The samples were prepared from plutonium oxalate by
sintering at 1600°C in a hydrogen atmosphere which resulted in PuO2-x composition which
were then re-heated at 800°C in air for 30 minutes to get stoichiometric PuO2.00. The
sintered pellets were 12.7 mm in diameter and 19.05 mm in height. A standard 4-probe
system was used to measure the resistance of the sample. The current measuring circuit
consisted of an electrometer measuring the voltage drop across a precision resistor. A 1.35volt battery was used, and the meter voltage drop was kept between 0.2 and 0.8 volts.
Currents between 10-3 and 10-11 amps could thus be easily measured. The results from the
experimental measurements have been compared against UO2 and CeO2 and plotted in
Figure 3.1.
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Figure 3.1. Electrical conductivity vs temperature for UO2 [19], CeO2 [17] and
PuO2 [20]
There are certainly differences in the electrical conductivity of ceria and UO2.
However, they are close enough to each other in the temperature regimes experienced in
the current experiments to permit resistive heating with reasonably comparable electric
currents. For example, for one temperature relevant for this experiment (1150 K), the
electrical conductivity for ceria was found to be 0.15 ohm-1cm-1, whereas for UO2 it is
0.13 ohm-1cm-1 [19]. Since the electrical conductivity of PuO2 is also comparable to
that of UO2 and CeO2, similar approaches like inductive heating followed by direct
resistance heating, can be taken for volumetric heating of PuO2.
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3.2.3. Thermal Expansion
Halden et al. [21] at the Stanford Research Institute developed a model for
correlating the linear thermal expansion of dense, regular grained commercial grade UO2.
The equation is given as;
L = LO (1+ 6.0 x 10-6t + 2.0 x 10-9t2 + 1.7 x 10-12t3)

(3)

A peculiar expansion was observed between 1000 to 1500°C. Beyond, 2450°C,
UO2 vaporized very expeditiously along with crystal growth even in hydrogen and inert
atmospheres. Rapid heating and cooling techniques were facilitated using solar and arcmelting furnaces to be able to collect genuine dependable data.
Stecura and Campbell [22] studied thermal expansion and phase transformations of
rare-earth oxides. Cerium dioxide, being a rare earth oxide, was also a part of their
investigation. Their experiment consisted of a high temperature X-ray diffractometer
furnace in which a 20-gage platinum-20% rhodium wire was wrapped around 1.25 inches
outside diameter alumina core with a pitch of 9 threads/inch. The variation of linear
expansion with temperature has been plotted in figure 2 respectively. The authors used
ceria samples sintered at 1350°C for 24 hours, which were stuffed into an alumina sample
holder. It was further sintered at 1450°C for about 12 hours before cooling it down to
300°C. Thereafter, the samples produced were 99.9% CeO2 which were stored in a vacuum
desiccator.
The linear thermal expansion for solid unirradiated PuO2 were fitted into to the third
order polynomial and given in MATPRO [23] by the following equation.
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ΔL
L

= -3.9735 x 10-4 + 8.4955 x 10-6 T + 2.1513 x 10-9T2 + 3.7143 X 10-16T3

(4)

For 0<T<Tm, where, T is temperature in Celsius and Tm is melting point in Celsius.
The plots for UO2, CeO2 and PuO2 have been shown in Figure 3.2.
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Figure 3.2. Linear expansion of CeO2 [22], UO2 [21] and PuO2 [23]
The linear thermal expansion of ceria is compared here with data from UO2 [21] in
Figure 3.2. The plotted thermal expansion for both materials is a mean thermal expansion,
with a reference temperature of 0°C for both materials. The temperature-dependent thermal
expansion of UO2 is somewhat more nonlinear than that of ceria, yet the magnitude of the
thermal expansion is quite comparable for the two materials across the temperature range.
For example, at 1200°C, UO2 has a 1.3% linear expansion, whereas CeO2 undergoes a
~1.5% expansion. Thermal expansion is important for the present work in that it is the
driver for stresses and, ultimately, fracture in the presence of thermal gradients. From the
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similarity in the thermal expansion between the two materials under the same thermal
gradient, both materials would be expected to develop similar stresses, with the stresses in
ceria being somewhat higher than those in UO2.
3.2.4. Thermal Conductivity
The thermal conductivity of UO2 was based of the Fink-Lucuta model in which the
temperature dependent thermal conductivity of unirradiated material was evaluated by Fink
[24]. Furthermore, the equation was modified to include effects of burn-up, porosity and
irradiation by implementing a series of multipliers which has been explained
comprehensively by Lucuta et al [25]. The equation for thermal conductivity of UO2 was
given as
100

k = (7.5408+17.692𝑇

2
𝑛 +3.6142𝑇𝑛

6400

16.35

𝑛

𝑇𝑛

) + ( 𝑇 2.5 ) exp (−

)),

(5)

where k is the thermal conductivity and 𝑇𝑛 is temperature in Kelvin divided by a factor of
1000. Several other mathematical and finite element models have been developed and are
also implemented for accurate prediction of thermal conductivities of UO2 [26, 27]. Most
of them consider fuel burnups at various levels in their models. BISON uses the NFIR
model for modeling the thermal conductivity of UO2 [28, 29].
The thermal conductivity for ceria was investigated by Nelson et al. [30] and was
modelled as
k = (A+BT)-1

(6)

where k is the thermal conductivity in W/m-K, A = 6.776 X 10-2m.K.W-1, B = 2.793 X 104

m.W-1 and T is temperature in Kelvin. Figure 3.3 shows the relative thermal conductivity

for UO2 and ceria between 298 to 1798 K.
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For thermal conductivity of PuO2, the equation for a 100% dense solid MOX fuel
was implemented as recommended by Popov et al [31]. The equation accounted for a
lattice terms proposed from Duriez et al. [32] and Ronchi et al. [33].
k (T, x) = [1.1579/(A+CT)] + 2.3434 x 1011 x T(-5/2) x exp (-16350/T), (W/m-K) (7)
where, A = A(x) = 2.85x + 0.035 (mK/W) and C = C(x) = (-7.15x + 2.86)10-4 (m/W); T is
temperature in Kelvin (K).
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Figure 3.3. Thermal conductivity of UO2 [24], CeO2 [30] and PuO2 [31] vs
temperature
Both materials exhibit similar behavior, in that the thermal conductivity
significantly decreases with elevated temperatures. The shapes of these curves are similar,
but with an offset, with ceria having a somewhat lower thermal conductivity than UO2
across the temperature regime. The relative difference between the two materials becomes
significant at high temperatures.
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3.2.5. Specific Heat
Extending their research to another important thermal property such as specific heat
capacity, Nelson et al. [30] conducted Differential Scanning Calorimetry (DSC) studies on
Ceria. As expected, at high temperatures, materials tend to exhibit a linear behavior with
temperature, which is observed for most part of the studied temperature range.
Similarly, Fink [24] also contributed towards the study of specific heat capacity of
UO2. He outlined a temperature dependent heat capacity model which is given by,
C1 ϴ2 eϴ/T

Cp = T2 (eϴ/T −1)2 + 2C2 T +

C3 Ea e

E
(− a )
T

T2

(8)

where, where Cp is the specific heat capacity at a constant pressure (expressed as J/(g K))
C1 = 81.613, ϴ = 548.68, C2 = 2.285 X 10−3, C3 = 2.236 X 107 and Ea = 18531.7. The
comparison between UO2 and CeO2 has been shown in Figure 3.4.
Konings et al. [34] had presented a comprehensive review of the thermodynamic
properties of the oxide compounds of the lanthanide and actinide elements. The specific
heat capacity of ceria was given by
Cp = A + B·T + C·T2 + D·T3 + E·T-2

(9)

where A = 74.4814, B = 5.83682 X 10-3, C = 0, D = 0, E = -1.29710 X 106 and Cp is the
specific heat capacity (J/mol-K) within a temperature range of 298 to 3083 K.
The heat capacity for PuO2 was modelled as per [35] which was given as,
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CP [J/(kg.K) =

571
)
T
571
T2 [exp( )−1]2
T

347.4 X 5712 exp(

+ 3.95 x 10-4 T +

3.860 X 107 X 1.967 X105
RT2

exp(−

1.965 X 105
RT

)

(10)
where, R is the universal gas constant = 8.314 J/(mol.K) and T is temperature in Kelvin
(K). The data from that work are shown in Figure 3.4 alongside the Fink equation for UO2
and Nelson et al.’s work on Ceria.
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Figure 3.4. Specific Heat vs temperature for UO2 [24], CeO2 [30] and PuO2 [35]
3.3. Mechanical properties of CeO2, PuO2 and UO2 versus temperature
Since, studying cracking and fracture in UO2 and surrogate ceria pellets is the
primary goal of this study, some of the fundamental mechanical properties of the materials,
such as elastic modulus, porosity, creep, fracture strength and Poisson’s ratio as a function
of temperature has been discussed and compared in this section.
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3.3.1. Elastic modulus and porosity
For ceria, UO2 and PuO2, the elastic modulus is dependent on both the porosity
and temperature. The dependency of the elastic modulus on porosity at room temperature
is shown in Figure 3.5 based on data from [36], [37] and [38] for CeO2, UO2 and PuO2
respectively.
As would be expected, all the three materials exhibit the same trend of a decreasing
elastic modulus with increasing porosity. The modulus of UO2 decreases at a faster rate
than that of ceria. The Ceria and UO2 curves intersect at about 7% porosity. The PuO2
curve intersects UO2 curve at about 10% porosity and the ceria curve at about 16%
porosity.
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Figure 3.5. Elastic modulus vs porosity % for CeO2 [36], UO2 [37] and PuO2 [38]
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Figure 3.6 shows a plot of the dependency of the elastic modulus of the two
materials (100% TD) on temperature between 23 to 1500°C. The young’s modulus of
stoichiometric 95% TD UO2 was given by Cappia et al. [39] as
E = E0 f(p) g(T)

(11)

where E0 (208 GPa) is the Young’s Modulus of the fully dense, non-irradiated UO2 at room
temperature f(p) is the fractional porosity and T is temperature in °C. The room temperature
young’s modulus, porosity and temperature functions were studied by Martin [40] and have
been stated in equations (12) and (13).

f(p) = 1-2.5p and

(12)

g(T) = 1- 8.428 X 10-5T – 4.381 X 10-8T2

(13)

Sedler et al. [41] investigated the elastic moduli of ceria as a function of temperature
by investigating gel-cast ceria. The samples were loaded in a fully articulated, silicon
carbide, four-point, 1/4-point, size B flexure fixture. The fixture had a load span of 20mm
and a support span of 40 mm, with load point diameters of 4.8 mm. The tests were done by
a standard universal tester from Instron, Model 55R1123. It was used to load the specimens
with a constant displacement rate of 0.51 mm/min (0.020 in./min). The experimental data
was curve fitted by implementing a least square regression method where the young’s
modulus (E, GPa) was given by
E = -1.92 X 10-5T2 – 0.0191T + 180
where, E is the elastic modulus and T is the temperature in °C.
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(14)

The temperature dependency of Young’s modulus for PuO2 was given by
MATPRO [23] from room temperature up to 1500°C. The Young’s modulus below melting
temperature was modelled as,
E = ES exp (-Bx) [1 + 0.05f]

(15)

where, E = Young’s modulus (N/m2), ES = Young’s modulus of stoichiometric UO2 fuel
as a function of temperature (N/m2), B = 1.34 for hyper-stoichiometric or 1.75 for hypostoichiometric fuel, x = magnitude of deviation from stoichiometry in MO2±x and f = weight
fraction of PuO2.
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Figure 3.6. Elastic modulus vs temperature for UO2 [39, 40], CeO2 [41] and PuO2
[23].
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3.3.2. Creep
When time-dependent behavior is considered, creep can have an important effect
on the mechanical response of materials. Due to the short duration of the experiments
considered in the present study, creep is not expected to have a significant role and is not
included in the simulations of this work. However, for completeness and for the benefit of
other applications in which creep might be of interest, a brief comparison of temperaturedependent creep rates is shown here. Creep rates are highly dependent on both temperature
and applied stress.
For a 95% T.D. UO2 pellet, a thermal dislocation or power-law creep model was
provided by the MATPRO FCREEP code in the BISON theory manual from Idaho
National Laboratory [23, 42].
For ceria, a steady state creep equation was described in [36]. A comparison of the
temperature-dependent creep rate under a stress of 30 MPa in the temperature regime from
900 to 2000 K is shown in Figure 3.7.
The steady-state compressive creep rates for PuO2 were studied by Routbort et al.
[43] from mechanically mixed UO2 -25 wt% PuO2 fuel pellets have been measured
between 1300 and 1700°C, at stresses of 6.9–110 MN/m2 and at oxygen- to-metal ratios of
1.90–2.00.
All the three materials show similar trends, but at high temperatures the creep rate
of ceria is orders of magnitude higher than that of UO2 and PuO2.
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Figure 3.7. Creep rate vs temperature for CeO2 [36], UO2 [23] and PuO2 [43].
3.3.3. Fracture Strength of UO2, ceria and PuO2 as a function of temperature
Since the current experimental effort is focused on characterizing fracture, the
tensile strengths of UO2 and ceria are of great interest. As a part of mechanical properties
comparison , it is important to understand and compare the fracture strengths of UO2 and
ceria as a function of temperature.
Fracture strength as a function of temperature for UO2 was studied by Evans and
Davidge [44] from 20 to 1500°C. From that work, the room-temperature fracture strength
for a commercial LWR UO2 pellet was found to be 160 MPa. Oguma [45] computed the
fracture strength as a function of porosity and found it to range from 35 to 133 MPa for
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85% theoretical density (TD) to a fully dense (100% TD) UO2 pellet, respectively.
Thereafter, Radford [46] developed a model that predicted the fracture strength to ranging
from 60 to 160 MPa for 90 to 100% TD of UO2. The plot is shown in Figure 3.8.

Figure 3.8. Fracture strength as a function of temperature UO2 [44]
Fracture strength of 96% TD PuO2 specimens tested at 3 strain rates 0.15, 0.36 and
0.73 h-1 have been studied as a function of temperature by Roberts and Wrona [47] and
shown in Figure 3.9. The samples were polished and etched with 80 ml H2O, 20 ml HNO3,
3 drops HF, and 0.1 g Ce(NO3)3.6H2O. Then the samples were tested in an Intron
Universal testing machine and high temperature furnace, both of which were enclosed in
an enclosed in an argon glove box to contain plutonium bearing compounds.
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Figure 3.9. Fracture strength as a function of temperature PuO2 [47]
For repeatability and reliability, one to three specimens were tested at each
temperature, and the mean fracture stress was plotted. The trend in strength is the same for
all strain rates and is also characteristic of the results obtained from the lower density
samples. The maximum in fracture strength is shifted to higher temperatures as the strain
rate increases.
There is very limited data available for the tensile strength of ceria. Perhaps the
only useful available data comes from a study conducted by Sato et al. [48] in which the
fracture strength of 10% yttria-doped ceria samples was measured using the small punch
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testing method at temperatures ranging from room temperature to 800°C and found the
room-temperature tensile strength to be roughly 150 MPa as shown in Figure 3.10.

Figure 3.10. Fracture strength as a function of temperature CeO2 [48]
Based on data available, in the current study, the fracture strength of both UO2 and
CeO2 is assumed to be 150 MPa for modeling purposes.
3.3.4. Fracture Strength of UO2 as a function of Porosity
Along these lines, Oguma [45] computed the fracture strength as a function of
porosity which ranged from 35 to 133 MPa for 85% to a fully dense UO2 pellet
respectively. Igata and Domoto [49] also studied compressive fracture strength of UO2 in
terms of porosity and grain size. Compressive strength was determined by standard
compression testing. The equations below establish the relationships between strength,
porosity, and grain size.
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𝑆 = 1.067 𝑋 103 𝑒 −3.505𝑃 (𝑀𝑝𝑎)

(16)

𝑆 = 6.92 𝑋 102 + 6.60𝑑 −1/2 (𝑀𝑝𝑎)

(17)

where d and P, are grain size and porosity respectively.
Oguma [45] also proposed an equation which would help to characterize the UO2
pellet strength within 10% porosity, with the largest pore size being 100 μm and average
gain size of 80 μm. The calculated strength was found to be within ±10% error. The
equation was given as,
1

σf = 626 X (PS + 2 GS)−1/2 exp(−0.057 X P)

(18)

where σf is the strength in MPa, PS is the largest pore size in μm, GS is the mean grain size
and P is the porosity (%).
Microstructural characteristics like grain size and porosity also influence the fracture
behavior of a material. Therefore, Kapoor et. al [50] used Vickers indentation method to
study the fracture properties in sintered UO2 pellets which had a duplex microstructure. A
duplex microstructure was induced by adding additives like SiO2 and Fe2O3. This resulted
in a high density, fine porosity in coarse grains and low density intra-granular porous region
in fine grain sized material. Deflection of crack tip and branching near the grain boundaries
in the low-density region led to greater fracture toughness than the high-density region.
This can be characterized by the tortuous crack propagation phenomena arising due to
deflection of crack fronts towards porous grain boundaries’ channels. Duplex
microstructure makes these pellets resistant to thermal shock due to essentially high
toughness.
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3.3.5. Poisson’s Ratio of UO2, Ceria and PuO2
Poisson’s ratio (ν) is an important parameter involved in studying the mechanical
properties of materials in addition to the elastic modulus for characterizing the elastic
response of a material. A Poisson’s ratio of was 0.316 considered for modelling the
materials properties of UO2 was taken from MATPRO database and Wachtman et al. [23,
51] as shown in Figure 3.11. Along these lines, Padel and de Novion [52] have reported
values of 0.314 and 0.306 for Poisson’s ratio of poly crystalline UO2 which was in fair
agreement as reported by Wachtman et al.

Figure 3.11. Poisson’s ratio as a function of temperature for UO2 [23]
However, the temperature dependent Poisson’s ratio reported by Olander [52] and
Marlowe [53] were rather ambiguous, especially at higher temperatures.
Both experimental and theoretical Poisson’s ratio were investigated for Ceria. It was found
that experimental results yielded a ν value between 0.302 to 0.308 as reported by Suzuki
et al. [54]. On the other hand, the theoretical Poisson’s ratio was calculated to be slightly
higher at 0.383 as reported by Kim et al [55].
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The mechanical properties of UO2 and PuO2 were investigated by an ultrasound
pulse-echo method by Kato and Matsumoto [56]. Longitudinal and transversal wave
velocities were measured in UO2 and PuO2 pellets, and Young’s modulus and shear
modulus were evaluated. The Poisson’s ratio for PuO2 was measured to be 0.32 in this
study.
The above survey of literature data sheds light on the important thermo-physical,
mechanical and emissivity properties of ceria as a function of temperature. For all relevant
properties, these are very much comparable to that of UO2 and PuO2, justifying ceria as
the choice of surrogate material for uranium dioxide and plutonium dioxide as well. For
interest of the current efforts, the main focus essentially was the comparability and
compatibility of the properties of ceria specifically with UO2.
As would be expected, the electrical, thermal, and mechanical properties of ceria
and UO2 differ somewhat in many cases, but, in general, they exhibit very similar trends
in their dependencies on temperature and porosity. The properties in the temperature
regimes of interest for the present experimental study for these materials are close enough
that we expect that ceria should be able to exhibit qualitatively similar behavior to UO2.
3.3.6. Stress-strain behavior as a function of temperature for UO2
In a study made by Canon et al [57], four-point bending method was used to study
the changes in mechanical properties in UO2 with temperature, strain rate and grain size.
The samples were tested at 1800°C and strain rates were assorted by couple orders of
magnitude. At temperatures less than brittle-to-ductile transition temperature (Tc), fracture
is brittle with no large-scale plastic deformation. Amidst, Tc and the next higher transition
temperature, Tt compact plastic deformation was observed, but at temperatures greater than
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Tt, UO2 behaves plastically. For a grain size of 8μm, above Tt the following equations can
be used for fitting strain rate data for UO2 for characterizing the creep behavior.
𝜀̇ =
𝜀̇ =

2
𝑇
2
𝑇

𝜎𝑝 exp − (

82000
𝑅𝑇

𝜎𝑠𝑠𝑓 exp − (

) /ℎ

87000
𝑅𝑇

) /ℎ

(19)
(20)

where, 𝜎𝑝 and 𝜎𝑠𝑠𝑓 are proportional limit and steady-state flow stress respectively.
The samples were testes under low, intermediate and high strain rates such as 0.092,
0.92 and 9.2/h. Figure 3.12 shows the temperature effects on stress strain behavior of UO2
at different low, intermediate and high strain rates for 8, 15 and 31μm grain sizes.

Figure 3.12. Temperature effects on stress-strain behavior of UO2 at low,
intermediate, and high strain rates for 8μm grain size and stress-strain behavior
for different 8, 15 and 31μm grain sizes at 0.092/h strain [57]
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As the strain rate increases, it has very less impact on the low-temperature strength.
On the contrary, at higher temperatures ductility relies heavily on strain rate.
Characterization of the samples of different grain sizes have been depicted in Figure 3.13
showing corresponding microstructures.

Figure 3.13. Microstructures of UO2 samples with (a) 8μm, (b) 15μm
and (c) 31μm average grain sizes [57]
The outbreak of plastic strain and the impact of grain size on maximum stress was
comparatively microscopic. The higher transition temperature, Tt sustained at about
1400°C for all grain sizes. For bigger grained UO2, it was observed that the proportionality
limit declined, whereas the plastic strain escalated with temperature at noticeably faster
rate.
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3.4. Emissivity of UO2, CeO2 and PuO2 as a function of temperature
The temperature gradient across the surface of the UO2 pellet under study is
measure by non-contact and non-destructive evaluation technique using a thermal camera.
Such methods are referred to as radiometric temperature measurements. Emissivity (ε) is
the ratio of how effectively a body can radiate infrared energy when compared to a perfect
radiator or black body. Basically, it is the measure of the efficiency of a surface emitting
thermal radiation. Emissivity of a body depends on factors like (i) surface compositions,
(ii) target body’s oxidation, (iii) surface roughness, (iv) temperature, (v) spectral
wavelength or (vi) viewing angle. Typically, emissivity values vary between 0.0 to 1.0.
When a body emits radiation, it emits in all directions. As the emitted radiation gets
in contact with another body, a fraction of this energy is either absorbed, transmitted or
reflected. The amount radiation energy transferred is characterized by the StefanBoltzmann law. It states that, the amount of energy transferred from a radiation emitting
body to another is directly proportional to the fourth power of its absolute temperature and
emissivity. Therefore, understanding the emissivity of UO2 in the present study is
instrumental in studying the temperature distribution and eventually the cracking
mechanism under those transients. Considering all possible factors, Ackerman in 1955
[58], proposed the Stefan-Boltzmann law as;
𝑞12 = 𝜎 𝜁12 𝐹12 𝐴1 [𝑇14 − 𝑇24 ]
where; 𝑞12 = net energy interchange
𝜁12 = gray body factor
𝐴1 = area of the radiating body
T1 = absolute temperature of the radiating body
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(21)

T2 = absolute temperature of the target body
σ = Stefan Boltzmann constant
F12 = view factor, (fraction of radiation emitted by black body of area A1 which
is obstructed by second body having area A2)
Based on these concepts, Claudson [59], conducted experiments to determine the
emissivity values for uranium dioxide bet 900 – 1800°C. He used reactor grade UO2 for
his study. During the research he also throws light on the variation of certain properties
like physical, mechanical and vapor pressure of UO2 with temperature. It was observed
that, up to 1000°C, the strength of UO2 increases with increase in temperature. Above
1400°C, UO2 undergoes plastic deformation and loses strength quickly with further rise in
temperature. The samples were heated in a furnace in which the electrodes were connected
to a 2500 amperes capacity transformer at 4 volts or 10 KW. The power was regulated by
using a variac between 0-440 volts. The required temperature of the samples needed a
power of about 2 KW. The results have been plotted in Figure 3.13. From the plot, it is
conclusive that, the emissivity of UO2 varies from 0.95 at 600°C to 0.4 at 1800°C. These
reported values are in good agreement to other ceramics used in industry.
The emissivity of ceria in the wavelength range of 2.5 to 25 microns was discussed
by Huang et al. [60]. They discovered a technique to improve the emissivity of CeO2
coating by doping them with Lanthanum. During this study, they studied the emissivity of
ceria as a function of temperature and compared it to different percentages of lanthanum
doped ceria coating for high temperature applications. It was observed that, about 17%
lanthanum doped ceria exhibited more than 50% higher emissivity than pure ceria.
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However, for this study, only the emissivity of pure ceria was considered from room
temperature to 1000°C as shown in in Figure 3.14.
The emissivity of PuO2 was computed as per the International Atomic Energy
Agency’s (IAEA) 2008 Vienna convention [61]. According to IAEA, the hemispherical
emissivity of PuO2 was defined by the correlation,
ε = 0.548 + 1.65 × 10−4 T, (T is temperature in Kelvin)

(22)
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Figure 3.14. Emissivity vs temperature for UO2 [59], CeO2 [60] and PuO2 [61]
3.5. Effect of cracking on mechanical properties of pellets
Faya [62] in a study analyzed the effect of pellet cracking on the mechanical
properties of UO2. Figure 3.15 shows a simple model of cracking of a fuel pellet
subjected to irradiation. The central region is purely ductile, has no strength and is
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therefore uncracked. It has a temperature of about greater than 1400°C. The outer
peripheral region is purely brittle at temperatures less than 1200°C.
This region suffers cracking due to thermal stresses (shock) resulting due to the
temperature gradient in the fuel pellet. In Figure 3.15, R = pellet radius and Rb = radius of
bridging annulus. Bridging annulus is the narrow zone in the center part of the pellet which
is strong and moderately ductile.

Figure 3.15. Model Used for Crack Distribution [63]
Ceramic oxides have bad tensile strength, thus non-uniform thermal expansion in
the early stages of in-pile fuel life causes cracking in the pellets. The center of the pellet
expands more than the periphery since the pellet centerline temperature is higher than the
surface. This results in a compressive stress near the center and tensile hoop stress near the
outer surface of the pellet. As a matter of fact, the compressive strength of UO2 is an order
magnitude higher that the ultimate tensile strength [52, 64]. As ceramic oxides are stronger
under compression than tension, the pellet shall not be able to withstand the tensile stress
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of about 1.5 X 105 KN/m2 [65]. Therefore, radial cracks will initiate at the pellet boundary
and propagate inwards towards the center of the pellet.
3.6. Pellet Clad Mechanical Interaction and Fission Gas Release
High thermal gradient in the pellet causes fuel expansion leading to contact with
the clad. As the fuel gets in contact with the clad, it creates stresses in the clad eventually
leading to clad rupture. This phenomenon is knowns as pellet-clad mechanical interaction
(PCMI). Typically, the effects of fuel pellet swelling coupled with inward cladding creep
results in closure of the pellet-clad gap and beginning of the mechanical interaction. This
usually happens after 2-4 years of reactor operation [66].
Initially, PCMI restricts the thermal fission gas release by decreasing the fuel
temperature via an improvement in the heat transfer between the pellet and the clad.
Thereafter, the tendency for intergranular bubbled to grow and combine and ultimately
creating an interconnected flow path for venting of fission gases to the rod free volume, is
lowered by the hydrostatic pressure in the fuel material [67, 68]. Moreover, the hydrostatic
pressure is formed not only due to PCMI but also due to the compressive thermal stresses
induced by hot central part of the fuel pellet.
In-reactor measurements have revealed that the gas pressure increases significantly
whenever power is reduced. [69, 70]. Under power reduction conditions, the thermal stress
and the hydrostatic pressure resulting from PCMI are relaxed and the fission gasses trapped
in the intergranular bubbles could be release more easily. However, there is a probability
that during ramp tests, the released fission gas does not reach the pressure transducer until
the power is decreased and the pellet-clad gap is opened. This could also lead to the
measured rise in rod pressure under power reductions. Braten and Minagawa [71] found
41

that the axial gas flow in closed-gap fuel are relatively slow. Therefore, the delay in
pressure equilibrium between the plenum and the fuel rod active section must be taken into
account while evaluating the in-reactor pressure measurements during ramp tests.
Fuel pellets behavior during PCMI primarily depends on the following mechanisms
such as [72];
•

swelling of solid and gaseous fission products due to burn-up;

•

release of fission gases and volatile species.

•

evolution of high-burn-up structure (HBS);

•

evolution of thermal conductivity, elastic constants, thermal and irradiation
creep, temperature-induced or microstructure-induced phenomena (porosity,
recrystallisation);

•

radiation damage.

•

geometry of the pellets and their modifications by cracking;

•

formation of contact materials or bonding layers at the interface of the fuel and
the clad (zirconia/uranate compounds);

•

oxidation, hybridation;

•

pellet-cladding interfacial friction.

Currently, the state-of-the-art modelling PCI techniques predominantly includes
modelling the fuel and clad as a single rod representation of the reactor core in an
axisymmetric, axially-stacked one-dimensional (1D) representation with few examples of
two-dimensional (2D) [73] and three-dimensional (3D) [74-78] simulations.
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3.7. Cracking and thermal conductivity
Fuel cracking has an undeviating effect on thermal conductivity and the release of
fission products. This is evident not only during normal and abnormal operations, but also
during the ultimate discarded form of the spent fuel. Conglomeration of cracks enhances
the surface area of the fuel, which eventually increases the rate of fission products release
and therefore alters the thermal conductivity parameters [72]. The initial rapid power surge
in the fuel rod is followed by a series of cracks formed due to thermal stress. The thermal
stresses are resultant of high radial temperature gradients, hundreds of Celsius per
centimeter [52]. From Figure 3.16, it is observed that, the thermal cracks are either along
the horizontal planes perpendicular to pellet axis or along the radial planes passing through
the fuel pin axis.

Figure 3.16. Cracking of fuel pellet (a) “hour glassing” shape because of thermal
stresses, (b) macrograph of a PWR fuel pellet cracked by the thermal gradient [79]
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The orientations of the fractures emerge at a centerline and surface temperature of
1200 and 400 or 500°C respectively. Nominal loading corresponds to fragmentation of fuel
by radial and axial cracks. On the other hand, secondary cracks are formulated during
transient loading or power ramps. The thermal tensile stresses induced in the outer
periphery of the pellet can be related to the temperature gradient as,
E

α
σθ,max = 2(1−ν)
(Tc − Ts )

(23)

where 𝜎𝜃,𝑚𝑎𝑥 is the maximum tensile stress on the pellet surface, E is the Young’s modulus,
α is the coefficient of thermal expansion and Tc and Ts are pellet centerline and surface
temperatures respectively. If the average strength of a quintessential LWR pellet is
presumed to be 130 MPa, then fuel fragmentation commences when 𝑇𝑐 − 𝑇𝑠 > 100°C,
which is predominantly during the introductory power ramp to nominal conditions.
3.8. Effect of Microstructure on Cracking of UO2
Microstructure plays an important role in shaping the mechanical strength,
electrical conductivity, optical transmission, and magnetic susceptibility of a
polycrystalline material. Oliveira et al. [80] studied and characterized the formation of
transverse cracks on the circumference of UO2 pellets. The pellets used for this study were
sintered in a sintering furnace at 1750°C to make sure they were close to the fuels used in
the Angra 1 and 2 nuclear power plants in Brazil. They had a density of 10.4 g/cc and
4.25% enriched with U-235. Subsequently, after pressing, sintering and grinding,
transverse cracks were found on the circumference of the pellets. Microstructure analysis
revealed that, cracking at the grain boundaries are due to micro-void nucleation and cavity
formation happened under rupture stress condition at high temperatures (Figures 3.17 a &
b).
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Figure 3.17. (a) Optical metallography with 100X magnification showing the crack
propagation in grain boundaries and (b) Scanning metallography with 400X
magnification showing the crack propagation and pores [80]
Certain micrographs also showed the defects like stress-line and alignment of pores.
These defects are evident because of inconsistency in pressing techniques resulting in
cracks and eventually causing fracture of the pellet. The authors have inferred that, density
gradient effecting the propagation of crack in the early sintering phase is the reason for the
inter-granular cracks found in grain boundaries. They have reasoned temperature gradient
and/or phase change being responsible for the trans-granular cracks. Furthermore,
anomalies in the green pellets caused due to the difference in pressing forces in the punches
resulted in the transverse cracks in the pellets [81]. The variation in forces is influenced by
the lack of lubrication which is used to minimize the friction between the powder and the
matrix wall during compression.
3.9. Stoichiometry and oxygen partial pressure as a function of temperature
Stoichiometry and oxygen partial pressures are instrumental in effecting the
temperature variation in UO2. Guéneau et al. [82] made an extensive study where a
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thermodynamic model was derived for the (U, Pu)O2 oxide, the (U, Pu)C carbide fuels
using Calphad method. This was done in order to represent the both phase diagrams and
thermodynamic data of the phases involved in the U-Pu-O-C system consistently. They
implemented experimental data based on the critical analysis conducted by Labroche et al.
[83-85] and Baichi et al. [86-88] which were also discussed in Guéneau et al. [89]. The
resultant phase diagrams have been shown in Figure 3.18 (a) and 3.18 (b). Figure 3.18 (a)
is in reasonable agreement to the published literature as shown in [89]. The primary
difference is the better explanation of the solidus/liquidus temperatures in UO2+x which
also matches well with the newer models’ predictions done by Manara et al. [90] which
has been depicted in Figure 3.18 (b).

Figure 3.18. (a) Revised calculated U–O phase diagram;
(b) Detailed section from 60 to 70 at.% O.
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The measured oxygen partial pressure as a function of oxygen stoichiometry was
calculated as shown in Figure 3.19 at temperatures ranging from 800 to 2700 K using the
new model proposed by Gueneau et al. [82] for UO2+x. It was found that the results were
comparable to the published results in [89]. As per [89] the resultant difference of the
species site fraction at various location in the sublattices was calculated at 1700K shown
in Figure 3.20.
For stoichiometric compounds the O/U ratio were based off on the temperature
ϕ

ϕ

dependence of the molar Gibbs energy Gm for one mole of formula unit, i.e. ∑i bi moles
of atoms, was represented in form of a power series as a function of temperature given as;
ϕ

ϕ

Gm − ∑i bi HiSER = a0 + a1T + a2Tln(T) + a3T2 + a4T-1 + a5T3

(24)

The experimental results used in calculating the O/U ratio for higher oxidation
temperatures were derived from the following equation which was used in the critical
review study made by Labroche et al. [84]. The true final composition of the U3O8-z given
by least square method is given by the following relation:
O/U = 1.3752 + 0.0046875T – 6.185 X 10-6T2 + 3.5194 X 10-9T3 – 7.3925 X 10-13T4
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(25)

Figure 3.19. Calculated oxygen partial pressure in UO2±x versus O/U ratio from
800 to 2700 K; The data come from the critical review by Labroche et al. [84] for
O/U > 2 and by Baichi et al. [88] for O/U ≤ 2

Figure 3.20. Calculated site fractions of the species in the sublattices at 1700K.
y (*) and y’ (*) denote respectively the site fractions of O2- or Va in the second
and third sublattices. Concentrations of oxygen vacancies (VO) correspond to
y (Va) and of interstitial oxygen (IO) to y’ (O2-).
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3.10. Linear heat generation rate as a function to temperature
An important part in understanding thermal conductivity and temperature gradient
due to volumetric heating in in fuel is to understand the linear heat generation rate as a
function of temperature. In that regards, Maki and Meyer at MIT [91] made an extensive
study in analyzing the performance of LWR fuel in the context of cracking and relocation.
A linear heat generation rate of 5kW/m is responsible for introducing fracture stresses in
LWR pellets causing fragmentation. Mostly LWR fuel pellets exhibit irregular crack
patterns. Some of the significant impacts of cracking on the fuel can be outlined as;
•

with increase in power, fuel pellet tends to expand more thermally than the clad

•

near-zero gap between pellet and clad can cause contact stresses to develop with
increase in power, this is known as pellet-clad mechanical interaction (PCMI)

•

release of fission products can cause vigorous chemical reactions with the cladding
material, resulting in pellet-clad chemical interaction (PCCI)

•

together PCMI and PCCI can lead to stress corrosion cracking (SCC) of the clad
Conditioning the fuel, i.e. slow power ramp of the reactor can help reduce the PCMI

interactions, and thus prevent clad failure. It was perceived that an uncracked pellet has a
higher surface temperature than a cracked pellet, with the peak difference of 210°C at 40
kW/m (Figure 3.21).
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Figure 3.21. Linear heat generation rate as function of pellet surface
temperature [91]
Furthermore, detection revealed that, cracked pellet displays a lower centerline
temperature than the uncracked pellet for all linear heat generation rates (LHGRs). As
LHGR increases, the centerline temperature divergence between cracked and uncracked
pellet also increases. The difference is as low as 20°C to as high as 130°C for LHGRs of
30 and 60 kW/m respectively (Figure 3.22).
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Figure 3.22. Linear heat generation rate as function of pellet centerline
temperature [91]

After studying the properties of UO2, it is important to study the previous work that
has been done related to cracking of UO2 undergoing resistance heating.
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CHAPTER 4
PREVIOUS WORK
4.1. Direct resistance heating of in-pile UO2 pellets
Kennedy et al [4] from Argonne National Lab, studied the cracking and healing
performance of UO2 contextualizing PCMI. They devised a direct electrical heating
technique to evaluate gap closure mechanism in mock-up LWR fuel pellets. The tests were
conducted in-pile, where stacks of different number of pellets are arranged, under out-ofreactor conditions. An exorbitant cooling system of helium which could run for 1000 hours
(700 liters/min) was designed and constructed to generate temperature contours in typical
LWR fuel pellets. During the heating cycle, the dimensional changes were detected by a
laser dilatometer. Crack length and crack area were characterized from acoustic emissions
occurred during cracking.
The idea of constructing the power supply was inspired from Wrona et al. [92] and
Wrona and Johanson [93]. The design constitutes of two power supplies connected in
parallel with tungsten electrodes completing the electrical contact. One of them is lowvoltage, high current while the other is a high-voltage and low-current supply. The former
is rated at 300 volts and 300 amps whereas the latter is 2500 volts and 20 amps. Figure 4.1
shows the schematic of the power supply.
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Figure 4.1. Schematic diagram of the power supply used for direct electrical
heating [92, 93]
If the potential drop across the pellet pile is less then 300V, then both high-voltage
and low-voltage power supplies contribute towards current. But if the potential difference
is greater than 300V, the diodes at the positive terminals back bias and thus restrict the
current flow from high-voltage supply protecting the circuit. The extensive helium cooling
loop essentially helps to induce a substantial temperature gradient in the UO2 pellet pile.
Ircon pyrometers were implemented to measure the temperature distribution across the
pellets. Acoustic emissions were instrumental in giving the following information.
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•

accumulated crack damage and crack damage rate

•

onset of fracture

•

spatial and temporal distribution of cracks

•

number of cracks

•

Type and size of cracks
Figure 4.2 depicts the surface and centerline temperatures of a standard LWR pellet

as a function of power rating.

Figure 4.2. Characteristic LWR Surface and Centerline Temperatures as a
Function of Power Rating [4].
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A chimney design was used to evenly circulate the helium gas around the pellet for
effective and better cooling to get the temperature gradient in classical LWR pellet. So
various designs such as (i) chimney only, (ii) chimney-baffle and (iii) chimney-helix
designs were tested and the temperature gradients were recorded based on different flow
rates of helium. Table 4.1 shows the various design combinations, flow rates, surface
temperatures and the temperature gradients eventually obtained.
Table 4.1. Results from the in-pile UO2 cracking tests at ANL
Cooling
system design
Chimney
ChimneyBaffle
ChimneyHelix

Surface
Temperature (°C)
500

He Flow Rate
(l/min)
680

Temperature
Gradient (°C)
130

600

400

310

500

400-600

1000-2350

560

600

1120

A computer and multi-channel chart recorder were used for collecting the recording
all the data points. The chart recorder had a constant input range of 0-10 vdc at a data
acquisition rate of approximately 5 seconds per channel. A Thermox analyzer measured
the amounts of oxygen if any in the helium coolant gas.
Along these lines, in a separate study by Oguma [94], out of pile experiments and
analyses were conducted for understanding pellet thermal deformation and in-pile analyses
were performed to resolve pellet relocation behavior of fuel rods when under operating
conditions. For evaluating cracking behavior of pellet prior to PCI, on-power diameter was
measured by implementing an electrically heated PCI simulation of fuel rod assemblies.
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The test set-up comprised of simulated fuel rods with a tungsten rod in the center
for direct resistance heating, diameter and dimension change measuring devices, data
acquisition systems and power controller. The test fuel rod that consisted of a fully
annealed Zircaloy-2 cladding (outer dia. = 14 mm), hollow UO2 pellets (density = 93%
TD) and a tungsten heater (dia. = 5 mm). The as-fabricated pellet-clad gap sizes were set
at 60, 100 and 150 microns as an experimental parameter. It was observed that pellet
cracking started at a low rod power of 30 W/cm. This was due to the sharper temperature
distribution in the centrally heated pellet, which was more on towards a hyperbolic shape
rather than parabolic. Figures 4.3 and 4.4 show the number of cracks as a function of rod
power and the diametral changes in the pellet due to rod power respectively.

Figure 4.3. Number of pellet cracks versus rod power
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Figure 4.4. Diametral increase of fuel rods during rise to power
Having discussed all the relevant thermal, electrical, physical, structural, optical
and mechanical material properties and the previous work done with direct resistance
heating of UO2 pellets, the next aspect in this study was to focus the research efforts in
building the experimental set up needed to study cracking of UO2 pellets.
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CHAPTER 5
METHODOLOGY
This section describes the complete experimental set-up in detail that has been
designed to conduct the baseline experiments to study cracking in surrogate ceria pellets.
All the parts of the set-up have been selected based on the behavior of UO2 and ceria with
temperature, as discussed in literature in the earlier sections. Subsequently, this system will
be used to study cracking in UO2 pellets as well.
The main objective of this study is to provide useful cracking data on UO2 and/or
surrogate pellets undergoing temperature transients for validating cracking models in
Moose-Bison-Marmot (MBM) fuel performance codes. The earlier work could not provide
information correlating cracking and temperature gradients. In these efforts, application of
dual imaging technique provides valuable information on temperature gradient and crack
initiation and propagation in real time by simulating near-RIA conditions in a university
laboratory facility. Crack initiation and growth is observed on the ends of the pellet
primarily during the heat up phase. These cracks open up further during the cool down
phase marked by turning off the DC power supply. The cracking models based on the MBM
codes will be validated based on these experimental data showing the inter-dependence of
cracking and temperature profiles during transients.
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5.1. Set up design
The experimental set up consists of the assembly of various parts such as; (i)
induction furnace, (ii) resistive heat supply, (iii) stainless steel vacuum chamber, (iv)
electrical, gas and vacuum feedthroughs, (v) sapphire viewport, (vi) boron nitride test stand
with nickel electrodes, (vii) alumina ring for insulation, (viii) ceria/YSZ pellets, thermal
camera, (ix) pyrometer, (x) optical camera, (xi) beam splitter, (xii) bandpass filter, (xiii)
oxygen gas analyzer, (xiv) helium or argon gas supply and (xv) vacuum pump. The
complete test set up is shown in Figure 5.1.

Figure 5.1. Schematic of Test Set-up for UO2 pellet cracking and complete
assembly as set up in the laboratory [13]
The test stand and the induction copper coil are placed at the center of a 10 inch, 6way cross vacuum steel chamber. A chiller is used to circulate cold water through the
induction coil. Feedthroughs for vacuum, power supply (induction heating), induction
heating coil, inert gas, and sapphire view port were connected, and the chamber was tightly
sealed to avoid any leaks. The oxygen analyzer connected shall help measure and maintain
the desired oxygen partial for stoichiometric and hyper-stoichiometric UO2 configurations.
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5.2. Dual Imaging System
For real-time simultaneous data acquisition, dual imaging, i.e., infra-red and optical
imaging of surface cracks, is necessary to establish a correlation between temperature
distribution and cracking patterns. The schematic and the experimental set up of the
imaging technique has been shown below in Figure 5.2.

Figure 5.2. Schematic and experimental set-up of dual imaging system for UO2
cracking studies
A FLIR infra-red camera (FLIR x6703sc MWIR) [95], with a 100-mm optic and a
1’’ extender ring, has been identified to best serve the application of infra-red imaging. The
optical camera (DCC1645C) [96] and the correct magnifying and zoom lens system from
Thorlabs have been set-up for capturing the optical images of the cracks on the surface of
the pellet [97, 98].
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5.2.1. Infra-red Imaging System
FLIR x6703sc camera, with a 50-mm optical lens with thermal sensitivity <20 mK,
was used for the preliminary testing that was done with ceria pellets. The following
information can be deduced from the FLIR Research IR software:
a. Temperature gradient on the pellet end face from center to outer surface
b. Radial temperature variation on the pellet surface
c. Point of crack initiation and propagation
d. Temperature along the crack and across the crack
The FLIR Research IR software is capable to establish a radial temperature profile
of the pellet. It plots temperature based on the geometric profile drawn on the thermal
images. It has been observed that the temperature at the initiation of crack, where the cracks
are wider, is higher. This can be inferred form the peaks of the temperature plots as seen in
the software. It is also possible to determine the temperature of any specific point of interest
on the surface of the pellet. Based on the information of temperature gradients, thermal
stresses can be determined at those location on the pellet surface. Figure 5.3 shows the
FLIR x8501 sc camera with the Research IR software.

Figure 5.3. FLIR x8501 sc MWIR Infra-red camera [95]
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The infra-red camera will be used in imaging surface cracks (100 microns to few
millimeters) on a 1 cm diameter and 1 cm tall UO2 pellet. Initially, the pellet is inductively
heated to overcome the electrical resistance of UO2, after which direct resistive heating is
implemented to simulate RIA conditions inside an UHV chamber in inert-vacuum
atmosphere with controlled oxygen partial pressure. The temperature inside the chamber
reaches 1300°C and above. The objective is not only to capture the crack initiation and
propagation, but also be able to record the slightest change in temperature across the
sample. This is done by adding a 1’’ extender ring and a 50mm lens with 4x zoom for the
adequate working distance and optimum resolution and focus. This demands for a top-ofthe-line advanced infra-red camera for this purpose. The camera receives the radiation
reflected from a beamsplittter that is placed at 45 degrees with the horizontal outside the
sapphire viewport which is mounted on a con-flat flange of the chamber.
Fast, precision, sensitivity and easy and comprehensive data acquisition makes this
application one of its kind in the research world. Such an application requires a highly
sensitive, high-speed, high definition MWIR camera. Due to large file size and the large
traffic of images and videos captured in a short span of time an efficient on-camera
RAM/SSD recording would suffice the necessity of data collection. Resolution plays a vital
role in imaging. So, high-definition imaging at superior frame rates is a priority. The other
important factor is to avoid loss of frames while storing the recording on to the camera
RAM. A fast playback and storage to SSD is what will determine the efficiency of data
retrieval from the camera. The flexibility to switch between different filters will be an
added advantage for the user. High speed streaming for simultaneous live viewing,
analysis and recording is a major requirement for post processing and data analysis. Last
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but not the least, user friendly interface (software) helps in easy connection and
communication from the camera on to the data collecting computer. The specifications
have been outlined in Table 5.1.
Table 5.1. Specifications of FLIR x8501 sc [95]
Detector Type
Spectral Range
Resolution
Detector Pitch
Thermal Sensitivity/NEdT
Sensor Cooling
Readout
Readout Modes
Image Time Stamp
Minimum Integration Time
Pixel Clock
Frame Rate (Full Window)
Sub-window Mode
Dynamic Range
On-Camera Storage
Temperature Measurement Range
Accuracy
Camera f/Number
Available Lenses
Focus
Filtering
Video Modes
Digital Zoom
Operating Temperature Range
Weight w/Handle, w/o Lens
Size (L x W x H) w/o Lens, Handle

Indium antimonide (InSb)
3.0 – 5.0 μm or 1.5 – 5.0 μm
1280 x 1024
12 μm
< 20 mK
Closed cycle linear
Snapshot
Asynchronous integrate while read and
Asynchronous integrate then read
Internal IRIG-B decoder clock/TSPI
accurate time stamp
270 ns
355 MHz
Programmable; 0.0015 Hz to 180 Hz
Flexible windowing down to 64 x 4
(steps of 32 columns, 4 rows)
14-bit
RAM: 16 GB, up to 6500 frames, full
frame SSD, (non-volatile): >4 TB
-20°C to 3000°C (-4°F to 5432°F)
± 2°C or ± 2% of reading
f/2.5 or f/4
3-5 μm: 17mm, 25mm, 50mm, 100mm,
200 mm; (1.5-5 µm): 25mm, 50mm,
100mm
Manual
Filter wheel, standard 1-inch filters
HDMI/HD-SDI: 720p/25/29.9/50/59.9
Hz, 1080p/25/29.9 Hz
1x, 4x, 4:3
-20°C to 50°C (-4°F to 122°F)
6.35 kg (14 lbs)
249 x 158 x 147 mm (9.8 x 6.2 x 5.8 in.)
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5.2.2. Optical Imaging System
The optical camera is a compact USB 2.0 color CMOS camera sensor having a
pixel size of 3.6μm at 1280 X 1024 pixels resolution. It has wide pixel clock range from 5
to 40 MHz with a maximum of 25 frames per second. Figure 5.4 reveals the complete
assembly of the camera system with all the parts fitted together in order.

Figure 5.4. Assembly of lenses and camera sensor for the optical camera [96, 97, 98]
The optical camera needs to be connected to a c-mount adapter followed by
extension tube, zoom lens and a magnifying lens to complete the assembly. The extension
tube MVL20A is compatible with 6.5X and/or 12X zooms lenses. It enhances the
magnification by 0.5 to 2 times. A 12X zoom lens (MVL12X3Z) has been identified for
better imaging at a working distance of 15.2 inches. The main highlights of the zoom lens
are the variable magnification between 0.58 to 7X along with a 3mm fine focus adjustment
with a coaxial illumination port. The last part of the optical camera system has a magnifying
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lens attachment which provides an additional 0.25-2X magnification to the zoom lens and
extension tube.
The beam splitter is an optical lens that reflects and transmits an oncoming
radiation. It plays a pivotal role in incorporating the dual imaging technique leading to
simultaneous optical and IR imaging of surface cracks for in situ real time crack detection.
The splitter receives the radiation from the sample inside the chamber, reflects the IR which
is received by the infra-red camera and allows the rest of the radiation to pass through on
to the optical camera sensor.
The beam splitter [99] has 70% transmittance in the visible wavelength region (400700 nm) and about 90% reflectance in the IR region (3-12 microns). The specifications of
the beam splitter used in the current work is shown in Table 5.2. It was a dichroic gold
beam splitter from ISP Optics model no. BSP-DI-50-2. It was 50.8 mm in diameter and 2
mm thick.
Table 5.2. Specifications of beam splitter
Diameter tolerance
Thickness tolerance
Clear Aperture
Parallelism
Flatness
Surface Finish
Angle of incidence
Coating

+0, -0.005’’ (+0, -0.13mm)
±0.005’’ (±0.13mm)
85%
3 arc min
¼ waves at 633 nm
40/20
0 to 45 degrees
Transmittance 70% average for 400-700
nm; Reflectance 95% for 3-12 microns

Since, optical camera only works in the visible range of the spectrum, there is a
necessity of a band pass filter (CWL 450nm, peak intensity, Figure 5.5) [94] which would
allow only a light of specific wavelength in the visible range that can be captured by the
CMOS CCD detector of optical camera.
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Figure 5.5. Bandpass Interference filter [100]
The M450LP1 royal blue LED light from Thorlabs has the maximum normalized
intensity at 450 nm (Figure 5.6).

Figure 5.6. Normalized intensity vs wavelength for external LED light [101]
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A very high intensity, 2000mA, 1850 mW LED has been used as an external source
of light for optical imaging [101]. The selection of such a LED is optimum for the optical
camera’s performance since the optical camera has about 90% relative sensitivity at 450
nm wavelength of blue light (Figure 5.7).

Figure 5.7. Relative sensitivity vs wavelength for optical camera DCC1645C [96]
The beam splitter and the band pass filter have been arranged very precisely for the
optimum performance, meaning the camera, splitter, filter, viewport and the pellet surface
are uni-axial or in other words they have the same line of sight.
The viewport is an integral part of the optics arrangement. Sapphire has been
chosen as the viewport for the chamber. This was based on the high transmittance (85 – 90
%) of the sapphire in the IR wavelength region (0.5 – 5 µm) of interest. The transmission
curve for sapphire can be found in Figure 5.8.
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Figure 5.8. Transmission percentage vs wavelength for Sapphire [102]
One of the key steps in this experimental work is the heating processes of the pellet.
Since, UO2 or ceria have very high electrical resistance at room temperatures, some
amount of pre-heating is required until which they start conducting electric current. That
temperature would be analogous to the fuel surface temperature under operating
conditions. For pre-heating, induction heating is used by where the pellet is heated by a
copper coil along with a molybdenum susceptor.
5.3. Induction Heater and Water Chiller
It has been found that ceria begins behaving as an electrical conductor at about
550°C [103] which corresponds to ~300A of current delivered by the induction heating
power supply from Across International [98, Figure 5.9]. The induction heater IH15AB
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that is currently in use is a 15 KW mid-frequency split heater with timers rated at 30-80
KHz. The details of the heater have been outlined in Table 5.3.

Figure 5.9. Front (L) and back (R) panels of IH15AB induction heater from
Across International [104]
Table 5.3 Specifications of IH15AB

Max. input current

32 A (40A single-phase circuit breaker
required)

Power

208-240V, 50/60Hz, single-phase

Output frequency

8-gauge 3-conductor Max 40A (8/3
SOOW)
30-80 KHz

Heating/retaining current

200-600 A (displayed on control panel)

Max. oscillating power
Max input power
Duty cycle

15 KW
7 KW
80%

Heating/dwelling/cooling timer

1-99 seconds

Power distribution cord

Water temperature

≥0.2 Mpa (29 PS ) you may use tap
water and water pump (>1/4HP & >240
Gph)
25-30°C

Water flow

0.5-1.3 gallons (2-5 liters) per minute

Water pressure
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Induction coil

See detail specs below, we will make
coils according to your requirements

Unit weight

Power supply:35 Lb., capacitor: 25 Lb.

Shipping weight

93 Lb.
Power supply: 18x8x17".capacitor:
12x7.5x13"
21x22x23"

Unit size
Shipping size
Connection cables/foot switch
Max. melting capacity

7 feet
4 lbs. (gold, silver, copper). 1lbs (steel,
aluminum)

The heater works in coupling with an Ai WAC-1 digital temperature-controlled
recirculating water chiller (Figure 5.10). It constitutes of an intrinsic stainless-steel tank
and water pump for robust rust-free operations. The specifications have been tabulated in
Table 5.4.
Table 5.4. Specifications of Ai-WAC-1 water chiller
Model

WAC-1

Input power

110 VAC 60 Hz single-phase (1PH) 1300 watts

Reservoir volume

1935 kcal/h
Nominal cooling capacity is according to: Inlet chilled
fluid temperature: 12°C Outlet chilled fluid temperature:
7°C Inlet cooling air temperature: 30°C Outlet cooling air
temperature: 35°C
Make: Panasonic, UL Listed
Power: 110VAC 60Hz 1-PH, LRA42, thermally protected
Refrigerant: R410A
Number of compressors installed: one
Make: LX (CMFL2-20-A-W-G-BABE)
Power: 110VAC 60Hz 1-PH 370 watts 3.7A 3450 rpm
IP55 Flow rate: 528 gallons per hour
Max pressure: 10 bar. H(max); 20.5m, H(n): 16m
4.5 gallons

Cooling fan

Make: Kunli (YWF A25-3005-5DIIIA05)

Nominal cooling
capacity

Compressor

Water pump
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Power: 110VAC 60Hz 1-PH 155 watts 1.35A 2700rpm
16uF/500V IP44 Flow rate: 70,000 cu ft per hour
Number of fans installed: one
Temperature accuracy

+/- 2 °C

Recommended coolant
Water inlet & outlet on
chiller
Manifold
Unit weight
Unit dimensions
Safety

Distilled water
KF40 flange
Inlet: KF40, outlet: 8mm quick conned with ball valve
200 lb
29 x 17 x 35" (DxWxH)
Over current and compressor thermal protection
Temperature range of chilled fluid: 5°C - 35°C

Working environment
Compatible Ai
induction heaters
CE compliant

Temperature difference of chilled fluid between inlet re
and outlet: 3°C - 8°C. It is better to use the chiller while
the ambient temperature at or below 35°C
High frequency 4kW, 6.6kW Mid frequency 15kW, 25kW
Low frequency 15kW
Yes

Figure 5.10. Front (L) and back (R) panels of Ai-WAC-1 water
chiller from Across International [104]
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5.3.1. Pre-heating test and electrical conductivity confirmation
A multi-meter has been used to test the continuity in the circuit confirming the flow
of current and signifying the electrical conductivity of ceria. A timer recorded the time
taken by the ceria pellet to get conductive which was 105 seconds. Thereafter, the power
supply was turned off, and yet the multi-meter beeped for 70 seconds which validated the
current retaining capability of ceria. The schematic of this test has been shown in Figure
5.11. At this juncture, as the ceria pellet gets conductive, the resistive power supply is cut
on to induce the temperature gradients during a transient as in an RIA situation. The DC
resistive power supply was determined based on some simple 1-D heat transfer calculations
to estimate the voltage and current required to induce a centerline temperature of 1500 K.

Figure 5.11. Schematic to test for pre-heating and conductivity of ceria pellet
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5.4. Heat transfer calculation for resistance heating
For direct resistance heating technique, there is a need for a DC power supply for
replicating near RIA conditions. This can be achieved by sudden power ramps controlled
by regulating DC current from a power supply. For this study, the pellets have been
manufactured at a 1:1 aspect ratio where the average height and diameter of the pellets are
approximately 10 mm each. Thus, from the I2R power losses due to the temperature
gradients across the pellets, the current and voltage required for overcoming the resistance
can be computed.
From 1-D heat transfer, it can be deduced that;
𝑑𝑇

I2R = k. A. 𝑑𝑥

(26)

where, dT/dx = temperature gradient in the pellet (Tc = centerline temperature and T₀ =
673 K, assumed), k = thermal conductivity, A = cross sectional area, I = current, R =
resistance of the pellet.
A dynamic temperature dependent thermal conductivity was defined based on
FTHCON from MATPRO [23] database by U.S. N.R.C.
For temperatures 0 < T ≤ 1650°C
𝐾1

k = p [𝐾2+𝑇 + 𝐾3 exp(𝐾4𝑇)]

(27)

where P = porosity correction factor, T = Temperature (°C), K1 = 40.4, K2 = 464, K3 =
1.216 x 10-4, K4 = 1.867 x 10-3
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[1−𝛽 (1−𝐷)]

The porosity correction factor is given by P = [1−𝛽 (1−0.95)] , the theoretical density
is assumed as 95%.
𝑙

The electrical resistance can be given by R = 𝜌 𝐴; where ρ = electrical resistivity, l
= length of the specimen, A = cross sectional area. But then resistivity is the reciprocal of
conductivity. So ρ = 1/σ; where σ is electrical conductivity.
I.T. Collier et al. [99] had proposed an electrical conductivity model for polycrystalline uranium dioxide which was used to compute σ.
σ = σo exp (-Ea/kT)

(28)

where, σ₀ = 25 K-1 m-1 for bulk UO2 pellet and Ea = 0.13 eV.
Hence, equation (24) can be re written as, Tc =

I2R. 𝑑𝑥
𝐴. 𝑘

+ T₀, and thus the centerline

temperature was calculated. Then, based on this centerline temperature R was obtained by
using equations 10, 11 and 12. Then average Tc for the bulk pellet was given by Tavg =
Tc+T₀
2

. This Tavg becomes the new Tc and then subsequently R was obtained. These

iterations are done until a convergence is obtained for resistance. Based on these resistances
and current values, voltage was calculated by Ohm’s law, V = I R.
Hence, it was found that for a 1500 K centerline temperature , a DC power supply
from Keysight Technologies, N8741A (Figure 5.12) rated at 300V, 11 amps and 3.3 KW
[100] has been identified and is currently in use.
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Figure 5.12. DC power supply for direct resistance heating [106]
5.5. Test Stand
The next part of the experimental efforts involved the designing the test stand. The
material of the test stand should not only be compatible with UO2 but also be easily
machined to adhere to the correct working distance from the imaging systems and the
tolerances within the vacuum chamber.
A CAD model of the test stand is shown in Figure 5.13. Boron nitride was identified
to be the ideal material for building the test stand. Boron nitride is a white solid ceramic in
the as fabricated hot-pressed state. It can be machined easily into complex shapes using
standard carbide tooling. It is anisotropic in its electrical and mechanical properties due to
platy hexagonal crystals and their orientation. Some of the key properties are:
•

High thermal conductivity

•

Low thermal expansion

•

Good thermal shock resistance

•

High electrical resistance

•

Low dielectric constant and loss tangent
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•

Non-toxic

•

Easily machined — nonabrasive and lubricious

•

Chemically inert

•

Not wet by most molten metals

Molybdenum has been outlined as the susceptor material for induction heating. It
has a melting point of 2623°C and an electrical resistivity of 38 X 10-6 Ω.cm. So, based on
properties such as high melting point, high thermal and electrical conductivity,
molybdenum is the ideal choice. Susceptor is used to inductively heat the pellet up to
460°C for UO2 and about 1000°C in case of surrogate ceria pellets for appreciable flow of
current in the pellet making it electrically conductive and thereafter, direct resistance
heating is started.

Figure 5.13. CAD drawing with top view of the test stand for UO2
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Selecting the right electrode material plays an important role in heating UO2 via
direct resistance heating. The material properties that were considered for selection of the
electrode are as follows.
▪

Melting point

▪

Ductility

▪

Electrical conductivity/resistivity at 1500K

▪

Dielectric constant

▪

Reaction with UO2 (oxidation) (Gibbs free energy comparison with UO2+x)

Based on these properties, for hyper-stoichiometric UO2 at 1500K, several metals
like Pd, Nb, Ta, Ti, Pt, W, Mo, Ni, and alloys like Inconel 600 and 718 were studied. All
these metals have a higher melting point than Ni and the Inconel alloys. Some metals like
W, Mo are even electrically more conductive than Ni. But all other metals except Ni
oxidize to its oxides with UO2+x at 1500K (target centerline temperature). An interactive
Ellingham diagram from the University of Cambridge [107] was used to find the Gibbs
free energy of the oxides of these metals.
This is conclusive from the fact that, Ni has a less negative Gibbs free energy (50.908 kcal/mol) than UO2+x, (-52.576≤ x ≤ -51.735 kcal/mol) for x = 0.001 to 0.010. So,
Ni cannot oxidize to NiO by obtaining oxygen from UO2+x. Thus, Nickel 201 has been
chosen as the electrode material and still other metals currently are being investigated.
The Gibbs free energy for UO2+x was based on a model for pO2 proposed by I. Amato, et
al [108] where pO2 was given by,
pO2 = 76 exp (

−33000
𝑇

77

31 𝑥

) exp [(1−𝑥)]

(29)

where pO2 is the oxygen equilibrium pressure over UO2+x composition at the absolute
temperature T in Kelvin.
The complete assembled test stand with surrogate pellet and nickel electrodes is
shown in Figure 5.14.

Figure 5.14. Test stand assembly for cracking studies of UO2; assembled test stand
with top view (Left); test stand inside the vacuum chamber connected for induction
and direct resistance heating (Right)

5.6. Oxygen analyzer
It is necessary to maintain a controlled oxygen atmosphere within the vacuum
chamber for maintaining stoichiometry or hyper-stoichiometry, depending on the
composition of oxygen in UO2 pellets at the target centerline temperatures. A Gen’Air
Setnag oxygen analyzer has been tested and used for this purpose (Figure 5.15a). Figure
5.15b portrays a schematic of the possible options for connecting the analyzer to the
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experimental set up. The sensor can generate and analyze atmospheres at controlled oxygen
rates. It would use nominal amount of carrier gas at flow rates between 1 to 12 liters/hour.

Figure 5.15. (a) Setnag Oxygen Analyzer and (b) Schematic of connection options
[109]
The Gen’Air is made of two different parts [109] such as;
•

The pump (Figure 5.16) increases or decreases the oxygen partial pressure in the
gas that flows inside the zirconia tube. The voltage range varies from –1250 to
+1250 mV. The front panel houses a selector and a potentiometer which helps to
regulate the voltage applied to the pump.

Figure 5.16. Schematic of the pump mechanism in the Setnag Oxygen
Analyzer [109]
79

The circulation obeys Faraday’s law: X=X0±0.209*I/D, where X0 is the
mole fraction of oxygen before the pump, X is the mole fraction of oxygen after the
pump, I is the current intensity in amperes, D is the flow of the carrier gas in l/h.
•

The Gauge (Figure 5.17) evaluates the partial pressure created by the pump.

The Micropoas is very sensitive and has an instantaneous response time giving very
precise measurements. It constitutes of a built-in metal reference.

Figure 5.17. Schematic of the gauge mechanism in the Setnag Oxygen Analyzer
[109]

The MicroPoas is built on the Nernst’s law, like all other zirconia: E= (RT/4F) ln
(Pmes/Pref). The reference partial pressure is created by making an equilibrium between a
metal and its oxide.
After all the components of the test set up were identified and procured, the test
stand was assembled very carefully and precisely in the Nuclear Materials Laboratory at
the University of South Carolina. Thereafter, cracking experiments were conducted starting
with surrogate ceria pellets for validation of the set up followed by depleted UO2 pellets.
The data collected shall be used in improving cracking model using fuel
performance codes such as BISON.
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CHAPTER 6
CRACKING EXPERIMENTS WITH CERIA AND URANIUM DIOXIDE
6.1. Suitability of Ceria as a Surrogate for Resistive Heating

The prior sections especially Sections 3.2 through 3.4 summarized the differences
in the properties of UO2 and ceria relevant for resistive heating fracture experiments. As
would be expected because they are different materials, the electrical, thermal, and
mechanical properties of ceria and UO2 differ somewhat in many cases, but, in general,
they exhibit very similar trends in their dependencies on temperature and porosity. The
thermal and mechanical properties in the temperature regimes of interest for the present
experimental study for these materials are close enough that we expect that ceria should
exhibit qualitatively similar behavior to UO2.
Perhaps the most important difference between these materials for conducting
resistive heating experiments is that at temperatures below 1157 K, ceria has a lower
electrical conductivity than UO2, and that difference increases significantly at lower
temperatures. This means that a significantly higher temperature is required for resistive
heating of ceria than for UO2. For example, it was calculated that UO2 becomes sufficiently
conductive for resistive heating at roughly 723 K. At this temperature, the electrical
conductivity of UO2 is 6.0 X 10-2 ohm-1cm-1, while for ceria, it is 6.6 X 10-5 ohm-1cm-1.
Ceria must be heated to 1073 K to have an electrical conductivity equivalent to that of UO2
at 723 K. At higher temperatures, ceria has a higher electrical conductivity than UO2, which
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is expected to somewhat change the temperature distribution in the pellet. However, the
difference between the two materials in this regard is minimized somewhat due to the fact
that the temperature-dependent electrical conductivity of UO2 has a significant slope
change at about 1370 K, and above that temperature, the slope of these relationships is very
similar for the two materials.
6.2. Experiments with surrogate ceria pellets
The experimental apparatus shown in Figure 6.1 developed specifically for these
studies permits in situ imaging of cracks visible on the fuel pellet’s top surface and measure
the corresponding temperature profiles. This is achieved through the dual imaging system
(see Figure 5.2) that captures both optical and thermal images of the pellet surface. To
simplify the process of calibrating and verifying the instrumentation used in these
experiments, it was very helpful to use a non-radioactive surrogate material for the fuel
pellets. Ceria (CeO2) has been widely used in the nuclear industry as a non-radioactive
surrogate for UO2 and because its relevant properties were found to be sufficiently similar
to those of UO2, it was used as a surrogate for the fuel pellets in the initial phases of the
present study. It can be noted that the dual imaging system designed for simultaneous noncontact infra-red and optical imaging is the novelty in the designing of the test stand in
these research efforts.
As discussed previously, a series of resistive heating experiments were conducted
on ceria pellets to test and validate the equipment that will be used for studying cracking
in UO2 pellets in the experimental efforts discussed in the subsequent sections. Ceria pellets
that were studied for cracking were fabricated at University of Florida under a previous
effort [110]. The pellets had an average theoretical density (TD) of 97.5% with an average
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diameter of 8.7 mm and an average height of 10.31 mm. The pellets were sintered at
200°C/hr until they were held at 1400°C for ten hours in air.

Figure 6.1. Complete test set up (A) with the stainless-steel vacuum chamber with
the BN test stand (B) [13]
Ceria pellets were mounted on a modular test stand machined from boron nitride as
shown in Figure 5.13. The inner most born nitride tube had an ID (inner diameter) = 1.04
cm, OD (outer diameter) =1.55 cm and H (height) = 2.79 cm. The molybdenum susceptor
was custom made at ID = 1.57 cm, OD = 1.90 cm, and H = 2.79 cm. The outer most BN
tube closest to the induction coil had an ID = 1.93 cm, OD = 2.235 cm, and H = 2.79 cm.
The pellets were heated via a two-part heating method which consists of induction heating
followed by direct resistance heating. The test began with the DC power supply set at 0.5
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A and 180 V while the pellet was pre-heated by via a molybdenum susceptor inductively
at 300 A which heats the pellet radiatively. This was done to heat the pellet to a threshold
temperature high enough to sufficiently conduct current. As discussed in Section 3.2.2, the
electrical conductivity of the ceria increases sharply with increasing temperature, and the
pellet was found to become sufficiently conductive to result in a measurable voltage drop
as soon as it reaches an average temperature of 1000°C in 60 seconds of induction heating
for all the tests. Once a voltage drop is detected, the current was quickly ramped up to 8 A,
where it was held for some time, 73 seconds in Test 1, 78 seconds in Test 2, and 34 seconds
in Test 3, for the pellet to get hot enough for crack initiation; thereafter, the current was
ramped to 10.8 A to attain a peak temperature and maximize cracking. Along those lines,
in Test 1, 2, and 3 cracking was observed when the current was held at 8 A for 6, 8, and 7
seconds, respectively. The voltage-current history for one of the experiments (Test 3) is
shown in Figure 6.2
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Figure 6.2. Voltage and current used for resistive heating of ceria as a function
of temperature.
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All tests were performed under a vacuum purged with argon gas at a flow rate of
200 standard cubic centimeter per minute (sccm). A series of three tests, denoted here as
Test 1, Test 2, and Test 3, were all performed under the same conditions. These three tests
were performed to assess the repeatability of the experiment.
6.2.1. Experimental Results: In Situ Imaging
During the heating process, the previously mentioned dual-imaging system,
consisting of an optical and infrared imaging, captured in situ images of the formation of
cracks and characterized the temperature profiles on the top surface of the pellet in real
time. Thermal imaging results are shown both as temperature contours as well as plotted
profiles along two lines. The infrared camera from FLIR has a very high thermal sensitivity
of <20 mK, allowing even very slight changes in temperature to be captured. For all these
tests, the temperature profiles were plotted as a function of diameter distance of the pellet
(i.e., from end to end before and after cracking, during the heat up phase).
The temperature profiles are shown along the lines drawn across the infrared image from
edge to edge of the pellet, such as those shown in Figure 6.3. The green line (Line 1) shows
the temperature profile across the electrodes, whereas the blue line (Line 2) shows the
temperature profile on an axis perpendicular to Line 1.
The infra-red and optical images from Tests 1, 2 and 3 on pellets Ceria 001, 002
and 003 respectively are shown in Figures 6.3 through 6.5. The vertical and horizontal
temperature profiles on the pellets before and after cracking for Ceria 001, 002 and 003
have been shown in Figures 6.6 through 6.8 respectively. These are shown at two points in
time: immediately before cracking and at the end of the experiment.
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The infra-red and optical images in Figure 6.3 through 6.5 before cracking were
captured after 10s, 7s and 8s of resistive heating for Tests 1, 2 and 3 respectively. Along
those lines, the infra-red and optical images after cracking at the end of the heat up phase
have been captured after 200s, 165s and 100s of resistive heating for Tests 1, 2, and 3
respectively. Significant cracking is observed in these latter plots. The pellet is outlined by
a white circle to clarify the outer boundary of the pellet surface. The electrodes are
represented by the green arcs in the infrared and optical images. From the infrared images
and temperature profiles, the temperature distribution is smooth before cracking. However,
when cracking is present, there are significant temperature discontinuities where the lines
cross cracks. This is expected because there can be significant resistance to heat transfer
across a gap, and this resistance increases with increasing gap size. The temperature
gradient, test conditions and time histories for the results from the tests have been
summarized in Table 6.1.
As would be expected, due to volumetric heat generation by means of resistance
heating, the center of the pellet was hotter than the periphery. First evidence of cracking
was observed when the peak pellet temperature was 1700°C. At the end of the experiment,
the specimen was cooled by turning off the current and purging argon into the chamber at
a flow rate of 200 sccm.
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Figure 6.3. Infra-red and optical images of Ceria 001 before (left) and after cracking
(right)
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Figure 6.4. Infra-red and optical images of Ceria 002 before (left) and after cracking
(right)
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Figure 6.5. Infra-red and optical images of Ceria 003 before (left) and after cracking
(right)
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Figure 6.6. Horizontal and vertical temperature profiles in Ceria 001
before (top) and after (bottom) cracking
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Figure 6.7. Horizontal and vertical temperature profiles in Ceria 002
before (top) and after (bottom) cracking
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Figure 6.8. Horizontal and vertical temperature profiles in Ceria 003
before (top) and after (bottom) cracking
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Figure 6.9 shows the formation of single major axial crack in addition to the radial
cracks. The axial cracks are somewhat perpendicular to the position of the electrodes. The
maximum heat loss in the pellet is from the top which creates an axial temperature gradient.
As a result, the top of the pellet is cooler than the bottom. The actual amount of heat loss
can be quantified via 3-dimensional BISON heat transfer models which is currently a work
in progress. This thermal gradient drives the radial cracks to extend across the entire pellet
propagate axially until they meet the major axial cracks, at which point the pellet is
completely fractured.

Figure 6.9. Axial cracking in the ceria pellet Ceria 002 observed after removal from
test stand. The white arrows in the above image represent the positions of
electrodes around the pellets
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Table 6.1. Test conditions and results of experiments with surrogate ceria

Pellet
ID

Ceria
001

Ceria
002

Ceria
003

Total
time of
resistive Current
Temperature Temperature heating & hold
Test
Cracking
Profile before Profile after and
times
Conditions
Patterns
cracking
cracking
hold
until
times at cracking
each
ramp
180V, 8A
Peak T=
Diametral
up to
ΔTLine1=
2100°C,
cracks across
10.8A;
272°C.
209s,
ΔTLine1=
8A, 11s
the pellet,
Ar/vacuum
ΔTLine2=
76s
164°C;
radial
purged at
220°C
ΔTLine2=266°C
branching
200 sccm
180V, 8A
Peak T=
ΔTLine1=
Diametral
up to
2100°C,
245°C;
crack across
10.8A;
ΔTLine1=
215s,
ΔTLine2=
8A, 8s
the pellet;
Ar/vacuum
256°C;
80s
130°C
radial
purged at
ΔTLine2=
branching
200 sccm
338°C
180V, 8A
Peak T=
ΔTLine1=
up to
Diametral
2100C,
257°C;
10.8A;
100s,
cracks across
ΔTLine1=
ΔTLine2=
8A, 7s
Ar/vacuum
36s
the pellet,
211°C;
193°C
purged at
branching
ΔTLine2=321°C
200 sccm

Time stamps on optical images were used to correlate to the corresponding voltage
and current. This experimental data showed that cracking started mostly at 1700°C during
the first current ramp to 8 A. The average temperature difference from the three tests along
Line 1 (across electrodes) just before cracks initiated was 210°C, while the average
temperature difference across Line 2 at that time was 308°C. At the end of the experiments,
the average values of these temperature differences were 258°C for Line 1 and 181°C for
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Line 2. The total time of resistive heating is different for the 3 tests because the resistive
heating was stopped only when optical imaging revealed that no further cracking was
observed and there was no indication of newer cracks being formed. This varied for the
three tests because of the difference in densities and material properties in each pellet.
At certain instances, there is a noticeable sharp drop in the temperature in all the 3
tests on the left edge of the pellet before cracking. This could be due to the absence of
perfect contact of the electrodes with the pellets due to the extremely complicated
instrumentations like wires, plugs, connectors, vacuum feedthroughs and delicate precise
set up of the test stand within the stainless-steel vacuum chamber. Due to the complex and
challenging design of the experimental set-up, there is a certain confounding aspect such
as imaging axial cracks and measuring axial temperature gradient. However, the primary
goal of the experiments was to capture radial temperature gradients and cracking in
surrogate ceria pellets. It also should be noted that the heat loss from the top of the pellet
into the test chamber creates an axial temperature gradient in the pellet in addition to the
radial gradient.
6.3. Post-Test Characterization of Ceria Pellets
After completion of the tests, the cracked ceria pellets were characterized using
scanning electron microscopy to better understand the phenomena that occurred. The
results of this characterization are discussed here. In Figure 6.10, a macroscopic overview
of the three tested cracked ceria pellets is shown. These images show the patterns of
occurrence of the primary cracks, which generally appear to pass from edge to edge of the
pellet, along the axis passing between the electrodes, with some curvature in the middle of
the pellet. Although the configuration of the cracks differs somewhat from that observed
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in LWR fuel, where radial cracks are distributed more uniformly around the pellet
periphery, the experimental apparatus is clearly able to develop thermal stresses sufficient
to cause significant cracking.

Figure 6.10. Macroscopic overview of cracked ceria pellets from Tests 1 (left), 2
(center), and 3 (right) after undergoing volumetric heating. The electrodes are
marked by the white arcs.

A high magnification analysis of specific cracks from Test 1 is shown in Figure
6.11. In this figure, the end of a primary crack is marked by a box, denoted as “a” in the
macroscopic image. The grain boundaries are visible in the zoomed-in views, as indicated
by the arrow. The free surface of the fracture, which passes along the upper right-hand side
of this image, is smooth, and consists of both intergranular and trans granular fracture. The
cracking in the middle of the pellet (shown by the “b” box in the macroscopic image), on
the other hand, shows a more irregular fracture surface that is primarily intergranular. This
difference in behavior is because the material in the center of the pellet is in a state closer
to hydrostatic tension, while the material on the periphery is in a more uniaxial tensile state
when it fractures.
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It should be noted that the ceria pellets studied here have fairly uniform
microstructural characteristics, as would also be expected for fresh UO2. However,
irradiated UO2 would have significant variation in the microstructure in the various regions
of the pellet, which would significantly affect fracture.

Figure 6.11. Magnified images of cracks from Test 1, including an overview of the
entire pellet and zoomed-in views of a region at the end of a crack (a), and at the
middle of the pellet (b). The arrow in zoomed-in region (a) shows the point of
intersection of three grains.
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6.4. Cracking experiments on UO2 pellets
6.4.1. Pellet fabrication
Depleted UO2 pellets that were studied for cracking, were fabricated at Texas
A&M University with an average theoretical density of 93.74% with an average diameter
of 10.98 mm and an average height of 9.53 mm. The pellets were sintered at 1790°C for
24 hours in Ar-5% H2. The pellets sintered at these conditions were predicted to be
stoichiometric UO2.00 when the O/U ratio was computed using the CALculation of PHAse
Diagrams (CALPHAD) model proposed by Besmann et al [111].
6.4.2. Dual heating and dual imaging
UO2 pellets were mounted on a modular test stand machined from boron nitride
(BN), which serves as an electrical insulator but is still highly thermally conductive. BN is
easily machinable, and the modular design provides the flexibility to connect electrodes
and feedthroughs while setting up the test stand. The mechanical tolerances in the test stand
also help to address and accommodate the thermal expansion and heat transfer in the pellet
while undergoing resistive heating. A schematic of the test stand with all the components
present is shown in Figure 5.13 and 5.14. The dimensions of the important components of
the test stand are outlined in Table 6.2.
Table 6.2. Dimensions of test stand assembly
Test stand part name
Inner BN tube
Molybdenum susceptor
Outer BN tube
Ni Electrode

Dimensions (cm)
I.D. = 1.143, O.D. = 1.5494, H = 2.794
I.D. = 1.5748, O.D. = 1.905, H = 2.794
I.D. = 1.9304, O.D. = 2.2352, H = 2.794
10 X 0.7 X 0.023
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In all the tests the vacuum chamber was first evacuated using a rotary vane vacuum
pump, and then filled with helium gas that continued to flow through the experimental
chamber at a rate of 200 standard cubic centimeters per minute (sccm). The experimental
chamber was a custom-built stainless steel ultra-high vacuum 6-way cross with 8" nominal
outer diameter, with 10" Outer Diameter, with 5 conflat flanges and one ISO 200 which
acted as the door for accessing the test stand inside the chamber.
The oxygen partial pressures (pO2) of the chamber atmosphere were measured by
a SETNAG Gen’Air high-precision oxygen analyzer and found to be in the range of 10−13
to 10−14 atm at 1200°C in a reducing atmosphere. Since the very low oxygen potential in
the gas means a very low oxygen content, so it will not change the pellet O/U. Therefore,
the pellet retains its stoichiometry during the test as well as predicted by Besmann et al.
[111].
During each test, the pellets first underwent induction heating followed by direct
resistance heating. The tests began with the DC power supply for resistance heating being
set at 0.5 A and 120 V, while the pellet was heated via a molybdenum susceptor using
induction heating at 200 A. This was done to raise the pellet to a threshold temperature
high enough for it to become sufficiently conductive for resistive heating. The electrical
conductivity of UO2 increases sharply with increasing temperature [19], and the pellets
were found to become sufficiently conductive to produce a measurable voltage drop once
they reached an average temperature of about 460°C—which, in all the tests, occurred after
less than 10 s of induction heating as shown in Table 6.3. Once a voltage drop was detected,
the current was quickly increased to 1 A, and then increased stepwise at 0.5 A increments,
along with certain hold times, until a number of different peak currents (e.g., 4 A, 5 A, 6
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A, and 8 A) were reached for a given test. This was done to achieve different peak
temperatures and to check for any differences in cracking patterns at those resultant
currents and peak temperatures. As expected, the pellets reached different peak
temperatures with increasing current; however, the characteristics of the observed cracking
did not differ significantly from one test to another.
In all the tests, cracking was first observed when the current was in between 3.5
and 4 A. The nominal hold times at each power level, and the hold times until cracking for
tests with peak currents of 4 and 8 A, are outlined in Table 6.3. The maximum deviation in
the hold times is 2 seconds for each hold at each power ramp.
Table 6.3. Peak current values and average hold times

Highest
Test
peak
Pellet ID
no.
current
(A)
1.
2.
3.
4.
5.
6.
7.
8.

U3-38
U4-50
U5-45B
U1-38A
U5-26F
U5-22C
U5-20C
U5-20D

4.0
4.0
4.0
5.0
6.0
8.0
8.0
8.0

Nominal
hold times
at each
current
level
42.3 s
60.0 s
43.0 s
35.0 s
27.0 s
25.0 s
22.0 s
23.6 s

Induction
Heating
Times
8s
8s
4s
8s
10 s
7s
6s
9s

Hold times
and current
values for
crack
initiation
22 s at 3.5 A
33 s at 3.5 A
26 s at 3.5 A
30 s at 3.5 A
26 s at 4.0 A
24 s at 4.0 A
2 s at 4.0 A
22 s at 4.0 A

Total time
from
beginning
of test until
cracking
111 s
347 s
244 s
217 s
205 s
182 s
146 s
176 s

Three tests were performed at both the 4 and 8 A peak current values, whereas one
test each was conducted at intermediate peak currents of 5 and 6 A. Tests were conducted
at higher peak current values beyond 4 A to check for any change in cracking patterns at
higher current values. However, no significant change was observed in the cracking
patterns at those higher power levels beyond what observed when cracking first initiated
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at the 3.5-4 A power level. The only major difference in behavior under higher power is
that higher peak temperatures were attained, which are reported in Table 6.4. Figure 6.12
shows a current-voltage-time plot for one of the tests. Voltage decreases sharply when the
pellet becomes sufficiently conductive from the inductively heated susceptor, and the ramp
in current from the resistive heater induces volumetric heating in the pellet, creating a radial
temperature gradient within the pellet.
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Figure 6.12. Current (secondary Y-axis on the right) and voltage (primary
Y-axis on the left) for resistive heating of pellet U4-50 as function of time; pellet
becomes conductive after about 4 seconds of induction heating
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6.4.3. Results: Infra-red and Optical images
The infra-red camera from FLIR has a very high thermal sensitivity of < 20 mK, so
even slight changes in temperature during the test are also captured. Full-field temperature
distributions for UO2 pellets bearing pellet IDs U4-50, U5-26F, U5-22C, U3-38, U1-38A,
U5-45B, U5-20C and U5-20D both before and after cracking have been shown here in this
section. The infra-red images before and after cracking for U3-38 were captured after 78
seconds and 103 seconds of resistive heating respectively. For U4-50 both before and after
cracking were captured after 305 and 339 s of resistive heating, respectively. For U5-45B
the images shown here were captured after 208 and 239 seconds of resistive heating for
before and after cracking respectively. Furthermore, for pellet U1-38A the infra-red images
were taken at about 174 and 209 seconds of resistive heating for before and after cracking
respectively. Similarly, for U5-26F the infra-red plots before and after cracking have been
captured at 168 seconds and 195 seconds respectively. Along those lines, for U5-22C, the
infra-red plot before and after cracking were captured after 150 seconds and 175 seconds
respectively. Likewise, for U5-20C, the images have been taken after 95 seconds and 140
seconds of resistive heating for before and after cracking respectively. Last but not the
least, for pellet U5-20D, the infra-red images depicted here were recorded at 90 and 167
seconds of resistive heating for before and after heating respectively. The infrared images,
temperature plots, and optical images of the pellets both before and after cracking are
shown respectively in Figures 6.13 through and 6.20 for all the test cases.
To facilitate comparisons among the various experiments and between simulation
results, temperature profiles for each of these experiments were extracted along two lines:
one passing horizontally through the electrodes (shown in green on the infrared images in
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Figures 6.13 through 6.20), and one perpendicular to that line in the vertical direction in
this image (shown in blue in those same figures). These temperature profiles are shown in
Figures 6.21 through and 6.28 for the same eight experiments shown in Figures 6.13 until
6.20.
From both the full-field and line plots, the temperatures are seen to be smooth and
continuous prior to cracking. However, once cracking occurs, significant discontinuities
arise at the crack locations, due to the significant thermal and electrical resistance at the
gaps. The average radial temperature differences prior to cracking were measured to be
201.6 and 270°C along the horizontal and vertical lines, respectively. Prior to cracking,
there is a larger difference between the centerline and outer-surface temperatures along the
vertical line than what is observed along the horizontal line. However, this pattern reverses
after cracking primarily since the direction of current changes after crack formation.
Cracking causes change in the electrical resistance in the pellet and the direction of flow
of current as well. Since the current follows the path of least resistance, the temperature
distribution across the pellet also changes i.e., the temperature difference along the
horizontal line becomes greater than what is observed along the vertical line. The infrared
data show that cracks initiate at when the difference between the peak (centerline) and
surface temperature is on average 221 and 163.5°C along the horizontal and vertical lines,
respectively.
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Pellet U3-38:

Figure 6.13. Infra-red (above) and optical (below) images of UO2 pellet U3-38
before (left) and after (right) cracking. Pellet boundary marked by white circle
and electrodes are marked by green arcs.
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Pellet U4-50:

Figure 6.14. Infra-red (above) and optical (below) images of UO2 pellet U4-50
before (left) and after (right) cracking. Pellet boundary marked by white circle and
electrodes are marked by green arcs.
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Pellet U5-45B:

Figure 6.15. Infra-red (above) and optical (below) images of UO2 pellet U5-45B
before (left) and after (right) cracking. Pellet boundary marked by white circle
and electrodes are marked by green arcs.
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Pellet U1-38A:

Figure 6.16. Infra-red (above) and optical (below) images of UO2 pellet U1-38A
before (left) and after (right) cracking. Pellet boundary marked by white circle and
electrodes are marked by green arcs.
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Pellet U5-26F:

Figure 6.17. Infra-red (above) and optical (below) images of UO2 pellet U5-26F
before (left) and after (right) cracking. Pellet boundary marked by white circle and
electrodes are marked by green arcs.
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Pellet U5-22C:

Figure 6.18. Infra-red (above) and optical (below) images of UO2 pellet U5-22C
before (left) and after (right) cracking. Pellet boundary marked by white circle and
electrodes are marked by green arcs.
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Pellet U5-20C:

Figure 6.19. Infra-red (above) and optical (below) images of UO2 pellet U5-20C
before (left) and after (right) cracking. Pellet boundary marked by white circle and
electrodes are marked by green arcs.
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Pellet U5-20D:

Figure 6.20. Infra-red (above) and optical (below) images of UO2 pellet U5-20D
before (left) and after (right) cracking. Pellet boundary marked by white circle and
electrodes are marked by green arcs.
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Figure 6.21. Horizontal and vertical temperature profiles in U3-38 UO2 pellet
before (top) and after (bottom) cracking
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Figure 6.22. Horizontal and vertical temperature profiles in U4-50
UO2 pellet before (top) and after (bottom) cracking
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Figure 6.23. Horizontal and vertical temperature profiles in U5-45B UO2 pellet
before (top) and after (bottom) cracking
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Figure 6.24. Horizontal and vertical temperature profiles in U1-38A UO2
pellet before (top) and after (bottom) cracking
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Figure 6.25. Horizontal and vertical temperature profiles in U5-26F
UO2 pellet before (top) and after (bottom) cracking

116

Figure 6.26. Horizontal and vertical temperature profiles in U5-22C
UO2 pellet before (top) and after (bottom) cracking
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Figure 6.27. Horizontal and vertical temperature profiles in U5-20C UO2
pellet before (top) and after (bottom) cracking
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Figure 6.28. Horizontal and vertical temperature profiles in U5-20D
UO2 pellet before (top) and after (bottom) cracking
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For showing time history of the peak temperatures three different test cases were
chosen where the UO2 pellets had IDs such as U4-50, U5-26F and U5-22C. These three
test cases were chosen to show the time history of peak temperatures of the pellets U4-50,
U5-26F and U5-22C over three different power levels such as 4 A, 6 A and 8 A
respectively. There is a rapid rise in temperature in the inductive heating phase until the
pellet gets sufficiently conductive to allow resistive heating. Thereafter, the temperature
increases stepwise with ramp in current at each power level. The various hold times can
also be inferred from Figure 6.29 as well, which have also been reported in Table 6.3.
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Figure 6.29. Time history of peak temperatures for pellets U4-50, U5-26F and U522C
To use the results from these experiments for validation of computational models,
it is important to ensure that a model accurately represents the thermal conditions prior to
cracking. This is challenging because it requires accurately representing both the electrical
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and thermal fields, which are affected by boundary conditions and temperature-dependent
material properties. To facilitate calibration of numerical models, the temperature profiles
along the horizontal and vertical axis for one of the experiments (pellet U5-22C) at a
number of points in time during the resistive heating process are shown in Figure 6.30.
This pellet became sufficiently conductive for resistive heating at 8 s when the
temperature reached 550°C, and thereafter it was heated until 181 s without any evidence
of cracking. Cracking was first observed at 182 s, when the peak temperature was about
1600°C. The total heating time of the pellet was 366 s, which included inductive and
resistive heating, during which it attained a peak temperature of 2100°C.
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Figure 6.30. Temperature profiles for pellet ID U5-22C along the (a) horizontal
and (b) vertical axis at various points in time during the resistive heating phase of
the experiment
The test conditions, temperature gradients, cracking patterns and pellet fabrication
details have been summarized in Table 6.4.
Table 6.4. Test conditions and pellet fabrication details of UO2
Peak
Temperat Temperat
Threshol
Cracki
Pell
Temperat
ure
ure
Densi Theoreti Dimensi
d
ng
et
ure
Differenc Differenc
ty
cal
ons Temperat
Patter
ID
attained e before
e after
Density
ure
ns
by pellet cracking cracking
Radial
cracks
*
ΔThoriz = ΔThoriz= across
D=
U3- 10.52
310°C;
241°C;
the
95.86% 11.01
400°C
1660°C
*
38 g/cc,
ΔTvert =48 ΔTvert= pellet,
mm, H=
5°C
196°C
radial
9.14 mm
branchi
ng
122

U450

U545B

10.31
g/cc

94%

10.36
g/cc 94.45%
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ΔThoriz* is the temperature difference along line profile drawn between the electrodes
ΔTvert* is the temperature difference along line profile drawn perpendicular to the horizontal line across the nonelectrode side

The optical images immediately prior to cracking, at the point of crack initiation,
and after propagation, are shown in Figure 6.31 for pellet U4-50.

Figure 6.31. U4-50 pellet, showing cracking. The images show the moment before
cracking (left), the first crack initiation at the electrodes (center), and crack
propagation (right). The pellet boundary is marked by a white circle, and the
electrodes are marked by green arcs. In this case, the point of cracks initiation
has been marked by white arrow
Figure 6.32 (a)–(h) shows side views of the pellets after being removed from the
test chamber.
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Figure 6.32. Side views of UO2 pellets after removal from test stand, showing
axial cracking: (a) U4-50, (b) U5-45B, (c) U3-38, (d) U5-26F, (e) U5-22C,
(f) U5-20C, (g) U1-38A, and (h) U5-20D. The black and white arrows in the
above image represent the positions of electrodes around the pellets.
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6.5. Observations and Discussions
In all eight experiments, it was observed that the temperature gradient across the
non-electrode side (vertical blue line) was higher than across the electrodes (horizontal
green line) prior to crack formation as seen in Figures 6.13 through 6.20. This temperature
gradient resulted in the formation of a major radial crack that extended across the pellet
diameter with smaller radial cracks branching out of it. Video generated by stitching optical
images captured during the tests at every 1 second interval shows that the cracks originated
at either one of the electrodes before propagating radially across the pellet as seen in Figure
6.31.
The time stamps on the optical images were used to determine the current and
voltage at the exact moments when cracks initiated. After comparing the optical images of
cracking with thermal data, the first cracking event was confirmed to have occurred at
about 1600°C when the current was between 3.5 A and 4 A.
Figure 6.31 clearly shows that in addition to the radial cracking observed on the top
surfaces during the experiment, there is also significant axial cracking, typically manifested
as a single major crack at the pellet mid-plane.
Since the current is passed transversely across the pellet, there is significant spatial
variation in the current density across the pellet cross-section. Preliminary twodimensional (2D) BISON simulations conducted by Yeh et al. [112] show that the
temperature contours of the experiments conducted in this study were oblong as opposed
to the circular shape that would be seen in a reactor environment. Because of the nature of
these oblong temperature contours and the resulting thermally-induced stresses, Yeh et al.
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[112] predicted that most radial cracks would initiate near the electrodes and propagate
inward, while axial cracks would initiate at azimuthal locations at 90° angle with respect
to the electrodes.
These 2D simulations are cross-section models that do not capture axial
temperature variations. Because there is a path for convective as well as radiative heat loss
from the top surface of the pellet into the test chamber, the axial thermal gradients could
be significant. The maximum heat loss in the pellet is from the top which creates an axial
temperature gradient. As a result, the top of the pellet is cooler than the bottom. The actual
amount of heat loss can be quantified using three-dimensional (3D) representations of the
pellet, which is currently a work in progress. This thermal gradient as shown in Figure
6.33, drives the radial cracks to propagate axially until they meet the axial cracks, at which
point the pellet is completely fractured.

Figure 6.33. Schematic showing how heat loss from the top surface results in an
axial temperature gradient in the pellet.
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The size of the arrows around the pellet show the relative magnitude of heat
losses from the various surfaces. The larger arrows show the maximum radiative heat loss
is from the top surface of the pellet, followed by intermediate losses from the sides and
the minimum heat loss is at the bottom surface of the pellet.
The formation of significant axial cracks in the experiments as shown in Figure
6.32, is reasonably consistent with the predictions of Yeh et al. [112]. As previously
mentioned, those simulations employed 2D planar models, and only predict the extent of
axial cracking at a given location in the cross-section, and not the number or location of
axial cracks along the axis of the pellet. However, the 2D planar models did predict axial
cracking that penetrated deeply into the pellets. Future 3D modeling efforts would be
necessary to determine whether fracture models predict the number and axial locations of
axial cracks.
Another interesting observation from the infrared images was how cracking affects
the temperature profiles observed on the top of the pellet after cracking. Prior to cracking,
the spatial temperature distribution is continuous, with a hotter centerline temperature and
cooler surface temperature prior to cracking. However, as cracks initiate and propagate—
an extremely fast process—the temperature profile changes rapidly and develops strong
discontinuities. The thermal images show the pellets being divided into zones that have
relatively uniform temperatures within each zone, with large temperature jumps on the
boundaries of these zones. Typically, one of these zones becomes hotter than the others,
separated by the major primary crack along the pellet diameter. This behavior is largely
due to the high resistance to heat transfer caused by the cracks. The large temperature
differences between these zones causes large differences in the thermal and electrical
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conductivity, which is, in turn impacted by cracking and temperature [113, 19]. Cracking
also affects the electrical fields because it causes poor contact between cracked zones and
between the electrodes and the pellet.
Additionally, there is also a change in the apparent emissivity in the pellet that is
responsible for the observable temperature differences in various parts of the pellet after
cracking. After cracking occurs, it is possible for different parts of the pellet to become
angled differently. This causes light to be reflected differently, effectively changing the
emissivity of the material. As emissivity is typically a surface feature, change in
temperature also impacts the change in pellet surface conditions arising due to pellet
cracking, thermal expansion, etc. Following cracking, based on electrical contact of the
pellet with the electrode, it is also possible that more energy is coming from one side of the
sample versus the other. The energy coming from the sample is ether emitted from the
sample (caused by differences in temperature) or reflected off of the sample (caused by the
differences in apparent emissivity). As a result, it contributes to the apparent temperature
differences in various segments of the pellet which measured in the imaging which is in
reasonable agreement with the emissivity of UO2 studied as a function of temperature by
T. Claudson [59]. Figure 6.34 shows the variation of net emitted energy and emissivity as
a function of temperature.
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Figure 6.34. Net energy emitted and emissivity of UO2 as a function of temperature.
The net energy exchange dependency on temperature was calculated using tie
following equation given by Claudson [59];
Q = σ · A1 · e · T14

(30)

where, Q is the net energy exchange, A1 is the area of radiating body, σ is the
Stefan-Boltzmann constant, and e is the temperature dependent emissivity. From Figure
6.34, it can be observed that, with increase in temperature the net energy exchange
increases whereas the emissivity decreases. Such variation in energy emission from the
UO2 pellet, along with the change in emissivity impacts the temperature distribution in the
pellet which results in the uniform temperature contours being grouped together in different
parts of the pellet after crack initiation as observed in the infra-red images.
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6.5.1. Emissivity Corrections
The infrared camera used for temperature gradient measurement in the experiments
was a FLIR sc6703 MWIR camera which was a single channel camera. In other words, the
images obtained were mono16 because they had only one channel and the bit depth of each
pixel was 16 bits. The radiometric data was a single channel which was equivalent to a
grayscale image or a one-color image.
The Research IR Max software integrated with the camera interface compensates
for emissivity or any other object parameter. The software simply used a formula to convert
the raw data (radiance counts) into temperature values while taking into account the object
parameters (like emissivity) and the camera's calibration parameters. The formula used was
based on Sakuma-Hattori equation. The python script used for formulating the emissivity
correction has been outlined in Appendix A. The Sakuma–Hattori equation was first
proposed by Fumihiro Sakuma, Akira Ono and Susumu Hattori in 1982 [114].
The Sakuma–Hattori equation gives the electromagnetic signal from thermal
radiation based on an object's temperature. The signal can be electromagnetic flux or signal
produced by a detector measuring this radiation. It has been suggested that below the silver
point, a method using the Sakuma–Hattori equation be used [114]. In its general form it
looks like,

S(T) =

C
c

exp(λ 2T)−1
x
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(31)

where, C is the scalar coefficient, c2 is the second radiation constant (0.014387752 m-K),
λx is the temperature dependent effective wavelength in meters and T is temperature in
Kelvins.
In 1996, a study investigated the usefulness of various forms of the Sakuma–Hattori
equation [115]. This study showed the Planckian form to provide the best fit for most
B

applications. The Planckian form was realized by the following substitution λx= A+ T.
Making this substitution equation (31) in the Planckian form becomes,

S(T) =

C
c

2
exp(AT+B
)−1

(32)

The inverse form of the Planckian from was also useful which can be expressed as [116];
T=

𝑐2
𝐶
𝐴𝑙𝑛( +1)
𝑆

−

𝐵
𝐴

(33)

Once all the parameters were determined and then inputted into the Research IR
Max software, the software would perform the actual compensation automatically.
6.6. Deviations from in-reactor behavior of LWR fuel pellets
It should be noted that in several ways, the cracking patterns and temperature
profiles obtained in these experiments differ from what would be observed in a typical
reactor environment. Some key differences are as follows:
1. The pellets tested in this study on cracking have a low average TD of 93%, which
is lower than the 96–97% TD typically observed in standard commercial reactor
fuels.
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2. Typically, in a LWR, the pellet surface is about 400–500°C and the centerline
temperature about 1200°C (ΔT = 700–800°C) while operating under steady-state
conditions [72]. Immediately after the fuel rod power increases and before any
significant swelling or creep can occur, a network of cracks due to thermal stresses
is induced by the radial high-temperature gradients (a few hundred Celsius per
centimeter) [52]. However, in the present study, by means of resistive heating and
volumetric heat losses, an average maximum radial temperature difference of
200°C was generated in the pellet. This temperature difference was enough to create
thermal stresses in the pellet, causing it to crack. This aligns with the fracture model
suggested by Su Faya in [62], as well as the preliminary BISON simulations [2].
Both [62] and [2] concluded that a temperature difference of 150°C was sufficient
to induce thermal stresses and initiate cracking in the fuel pellet.
3. As previously mentioned, because of the way that the current is passed transversely
across the pellets, the temperature contours in these experiments are oblong, which
results in stress concentrations and fracture initiation near the electrodes, which
differs from the expected behavior in the LWR environment, where radial cracks
would be spread more uniformly around the pellet periphery.
4. The high temperature gradients of the pellets in fresh LWR fuel are caused by
volumetric heating and radial heat rejection. However, over the life of the fuel, the
microstructure (grain size, porosity, local burn-up, and fission product chemistry)
evolves in a nonuniform way due to radial variations in temperature and neutron
flux [117, 118]. This study is relevant to fresh LWR fuel but does not address
burnup-dependent phenomena that would affect late-life fracture behavior.
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Despite the aforementioned differences between the environment and conditions
created by the resistive heating tests and the nuclear reactor, the results of the current
research effort still provide data that is useful for validation of computational models. As
long as the computational models can replicate the experimental environment, these
experiments can be used for validation of those models. This data is of course more relevant
if the experimental conditions are reasonably close to those in the reactor. In our judgment,
these experiments replicate the reactor environment closely enough that this data is
valuable for validation of computational models of fracture in fresh fuel.
6.7. Heat transfer coeﬀicient through test stand and into He atmosphere
The layers of the annular cylinders and gaps surrounding the pellet, along with the
natural convection, act as a set of resistors in series. The heat transfer coeﬀicient (HTC), h,
of the set of resistors can be computed as:
h=

1
1
1
1
+ +⋯+
h1 h2
hn

(34)

6.7.1. Heat transfer through annular rings and gaps in test stand
6.7.1.1 Details of materials and dimensions
Material of the electrodes is Nickel 201. Average pellet diameter = 1.1 cm; Inner
BN tube: Thickness = 0.2032 cm (ID = 1.143 cm, OD = 1.5494 cm, H = 2.794 cm) Mo
susceptor: Thickness = 0.1651 cm (ID = 1.5748, OD = 1.905 cm, H = 2.794 cm); Outer
BN tube: Thickness = 0.1524 cm (ID = 1.9304 cm, OD = 2.2352 cm, H = 2.794 cm)
Electrode thickness: 0.023 cm; Gap between Inner BN tube and Mo susceptor = 0.0254 cm
Gap between Mo susceptor and Outer BN tube = 0.0254 cm
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6.7.1.2 Properties of materials
Helium thermal conductivity ranges from about 0.15 W/m-K at ~20°C to 0.353
W/m-K at 700°C [119]. The thermal conductivity of Molybdenum is 142.0 W/m-K and the
thermal conductivity of Boron Nitride (BN) is 30.0 W/m-K.
6.7.1.3 Computation of h within test stand
Total size of gaps with and without electrodes were computed. The calculated
results with ‘2’ at the end are adjacent to electrodes, versions without postfix are for the
remainder of the surface. Total size of all gaps was computed.
From this, it was clear that the conductance of the gaps is dominant. Also, note that
this is a purely 1-D linear calculation, and doesn’t account for cylindrical effects. The actual
HTC will be slightly lower because of that. The resultant heat transfer coefficients and the
scripts used for calculations are shown in Appendix B.
6.7.2. Heat transfer from exterior of cylinders to surrounding gas
6.7.2.1. Convective heat losses
The Nusselt number can be used to compute the HTC for natural convection:
Nu = hL/k

(35)

Since, L and k are known, if Nu is known, we can compute h:
h = NuL/k

(36),

where L is the length of the specimen and k is the thermal conductivity of the gas.
For vertical plates and cylinders, the Nusselt number is computed as:
136

Nu = C(Pr · Gr)·25

(37),

where Pr is the Prandtl number and Gr is the Grashof number and C = 0.59 for a vertical
surface [120].
The Prandtl number is computed as:
Pr = cpμ/k

(38)

where cp is the specific heat, μ is the viscosity [121]. From Table 7.5 in [121], the
properties for Helium at 100°C were listed as Pr = 0.71, μ = 0.02 cP, or 2 X 10-5 kg/(m-s).
Peterson [122] from Riso National Laboratory in Denmark reported a Pr = 0.6706 at 100°C,
1 atm for Helium which was in reasonable agreement with the data reported in [122].
For vertical plates, the Grashof Number is given as,
Gr =

gβ(Ts −T∞ )L3
ν2

(39)

where g is the acceleration of gravity, β is the thermal expansion coefficient, Ts is
the surface temperature, T∞ is the far-field temperature, L is the vertical length of the
article, and ν is the kinematic viscosity. Β can be approximated as 1/T for ideal gases.
The kinetic viscosity can be computed from the dynamic viscosity, μ;
ν = μ/ρ

(40)

ν is more commonly as the kinematic viscosity. From [123] μ = 2.3199 × 10-5
kg/(m-s) and ρ = 0.12896 kg/m3 at 100°C. This would give ν = 0.00018 m2/s. The script
used and the resultant convective heat transfer coefficients have been shown in Appendix
C.
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6.7.2.2. Radiant heat losses
According to Stefan-Boltzmann law;
𝑞̇ = σ ε (T4 – T04)

(41)

where, 𝑞̇ is the amount of energy emitted, σ is the Stefan-Boltzmann constant, ε is
the emissivity, and T is the temperature in Kelvin. Radiative exchange between two gray,
diffuse surfaces may be characterized by calculating the radiative heat transfer coefficient
(hrad in W/m2K) as shown below [124]:
hrad = σ ε (T2+T02) (T+T0)

(42)

The results and scripts used for calculations have been shown in Appendix D.
6.7.3. Accounting for diameter differences in the cylinders constituting the test stand
The previous calculations in Sections 6.7 are all 1-D, and don’t consider the fact
that the concentric cylinders have increasing surface area. In this section the calculations
in the previous are revised by taking in to account the differences in the diameters of the
BN pieces, the molybdenum susceptor and the pellet itself. The HTCs (heat transfer
coefficients) of the individual layers were multiplied by the ratio of the average radius of
that layer to the fuel radius. The resultant overall radiative heat transfer coefficient was
found to be about 26 W/m2K. The low radiative HTC could be one of the additional reasons
for the low ΔT in the experimental results unlike the LWRs. The scripts involved in these
calculations have been shown in Appendix E.
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CHAPTER 7
CHARACTERIZATION OF UO2 PELLETS
The cracked pellets from the experiments were further characterized as described
here to better understand the microstructural changes and mechanisms driving the
formation and propagation of cracks. This characterization included microscopy and
measurements of electrical conductivity and microhardness at room temperature.
7.1. Microscopy
7.1.1. Microscopy of un-cracked UO2 pellets
Optical and scanning electron microscopy (SEM) were performed on as fabricated
and cracked UO2 pellets. Optical microscopy of chemically etched pellets showed distinct
grain boundaries and grain sizes in the bulk of the pellets. Each sample was sectioned and
then mounted in epoxy, followed by grinding and polishing. Next, it was chemically etched
using a solution comprising of 10 ml 95% sulfuric acid (H2SO4) and 90 ml of 30%
hydrogen peroxide (H2O2) [122]. The sample was initially etched for 10 s, then the etching
was continued at 20 s increments until the grain boundaries became clearly visible. The
optical microscopy and SEM images of an etched pellet have been shown in Figures 7.1
and 7.2, respectively.
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Figure 7.1. Optical microscopy of chemically etched pellet showing
grain boundaries at center (top) and edge (bottom) under polarized light
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Figure 7.2. SEM of etched UO2 pellet showing grain boundaries
at center (top) and edge (bottom)
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Since this pellet was thermally etched during the sintering process, SEM imaging
of the as-fabricated pellet surface revealed well-defined grain boundaries, as shown in
Figure 7.3. The pellet was sintered at 1790°C for 24 hours in Ar-5%H2. The sintering
atmosphere is usually reducing, with some percentage of hydrogen (H2) gas for obtaining
UO2.00. The H2 helps to reduce the uranium in order to maintain stoichiometry. The
reducing H2 atmosphere removes the excess O2 and maintains a controlled oxygen
atmosphere resulting in a chemical oxygen potential of −75 to −125 kJ/mole which causes
thermal etching in the pellet [125]. Generally, thermal etching is very superficial and
cannot penetrate to the bulk of the pellet. As a result, we observe the well-defined grains
on the as-fabricated surface only, not in the bulk after the pellet has been cut or sectioned
[117].
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Figure 7.3. SEM of as fabricated surface showing well-defined grain boundaries at
center (top) and edge (bottom) due thermal etching; the black spots within the
grains are impurities or inclusions and on grain boundaries are pores
7.1.2. SEM of cracked UO2 pellets
It was very important to understand the cracking patterns in UO2 at a
microstructural level. The cracked surfaces were examined using SEM, revealing details
about the sequence of cracks formation and propagation. The images of cracked surfaces
of pellets U4-50, U5-26F, U5-22C, U5-20C and U1-38A have been shown in Figure 7.4
through 7.8.
In each of the micrographs the small black squares in the first image showing the
full face of the cracked pellet have been examined further and the magnified images of
143

those regions have been shown in SEM images 1, 2 and 3 for the pellets tested for cracking
such as U4-50, U5-26F, U5-22C, U5-20C and U1-38A. The position of the electrodes has
been denoted by the white arcs in the micrograph.

Figure 7.4. SEM of cracked surface of U4-50
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Figure 7.5. SEM of cracked surface of U5-26F
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Figure 7.6. SEM of cracked surface of U5-22C
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Figure 7.7. SEM of cracked surface of U5-20C

147

Figure 7.8. SEM of cracked surface of U1-38A
7.1.2.1. Observations:
Some of the key observations made from SEM images can be summarized as
follows:
1.

Major primary surface cracks were formed across the diameter of the pellet,
generally along the axis between the electrodes. It is difficult to determine
whether a single radial crack propagated across the pellet, or whether two radial
cracks that formed on opposite sides of the pellet joined in the middle.
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Regardless, this indicates that the thermally driven hoop stresses were larger
near the electrodes than on other portions of the pellet periphery.
2.

The bigger primary surface cracks appear to be very energetic and are a
combination of both inter and intra-granular cracking. The primary cracks were
highly symmetrical representing cracking patterns quite typical of brittle
materials.

3.

On the other hand, secondary surface cracks seem to be less energetic and are
mostly inter-granular cracking along the grain boundaries. They were likely to
be formed at later stages in the cracking process.

4.

SEM images show the opening at the sites of primary cracks to be larger than
that of the secondary cracks. The secondary cracks appear to have branched out
from the primary cracks as finer, smaller cracks propagating mostly along the
grain boundaries.

5.

The large cracks make it evident that macroscale deformation is entirely due to
cracking and not due to inelastic deformation. This is expected due to the short
duration of the tests.

7.1.3. Microscopy of fracture surfaces (Fractography)
Fractography is essentially significant to study the shape of fractured surfaces. The
SEM images of fractured surfaces for three different pellets such as U5-45B, U1-38A and
U5-20D which underwent cracking experiments via resistive heating have been shown in
Figure 7.9, 7.10 and 7.11 respectively.
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Figure 7.9. SEM images showing fractured surfaces of U5-45B pellet
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Figure 7.10. SEM images showing fractured surfaces of U1-38A pellet
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Figure 7.11. SEM images showing fractured surfaces of U5-20D pellet

The red circles in the fractographs in Figures 7.9 through 7.11 show faceted features
resembling smooth, rounded, protruded surfaces, signifying the regions of grain
boundaries. In these areas, cracks tend to propagate easily along the grain boundaries, since
it is easier for cracks to propagate along pre-defined surfaces. In fractography, cracks with
obtrusive faces projecting out from the surface mark cracking along the grain boundaries.
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On the other hand, the yellow circles highlight the flatter features with band-like
structures which mark the intragranular nature of the cracking. Intra-granular cracks grow
through the grains. They resemble cracking which follow smooth symmetrical straight-line
paths that cleaves the grain itself (see the yellow circles). In the case of intra-granular
cracking, the cracks must be highly energetic to create surfaces in the grains themselves to
propagate through them when grain boundaries are unavailable.
Although some of both types of fracture is observed, the fractured surface analysis
reveals the majority of cracking in the fractured surfaces are inter-granular or grain
boundary cracking.
7.2. Electrical Resistivity Measurement
Since the volumetric heating that occurs during resistive heating of UO2 is highly
dependent on electrical resistivity, it is important to characterize the electrical resistivity of
the actual UO2 pellets studied herein. Samples were examined at ambient room temperature
using the four-point probe method. A Cascade Microtech C4S-47/0O four-point probe tip
was used in conjunction with a Gamry Interface 1010E potentiostat. The four-point probe
tip was made from tungsten carbide, has inner probe spacing of 1 mm, and requires a loaded
weight of 70–180 g. A fixture was built for the four-point probe tip and connected to a
sample holder (see Figure 7.12) [126]. The sample holder featured an adjustable height
stand to accommodate samples of various heights. The probe tip was fixed to a
polycarbonate beam, allowing for additional weight during testing. This type of
arrangement ensures that the probe tip and sample remain perfectly leveled during testing.
The UO2 samples were mounted in a nonconductive epoxy and polished prior to
resistivity measurements. Calibration was achieved using an undoped intrinsic single153

crystal silicon wafer (10 x 10 mm, 100-μm thick) from University Wafer, Inc., with a
quoted resistivity of >3000 ohm-cm.

Figure 7.12. Set up for electrical resistivity measurement of UO2 pellet at room
temperature
The electrical resistivity of two UO2 samples from the same batch of pellets that
was subjected to resistive heating testing was measured at room temperature and compared
against the study conducted by Bates et al. [19]. For all tests, a total of 180 g in weight was
added to top of the probe. This helped maintain proper contact between the probe tips and
the sample surface. For an infinitely thin sheet (i.e., a sheet whose thickness is much less
than the probe spacing), the sheet’s electrical resistivity is related to its thickness (t),
measured voltage (V) and applied current (I) as per the following equation:
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π

ρ = ln2 . t.

V
I

(43)

Chronoamperometry analysis was performed by using the Gamry potentiostat
where a constant voltage of 10 V was applied, and the resultant currents were measured.
Each test was done for 30 seconds. The current values for the two samples have been
tabulated in Table 7.1.
Table 7.1. Current across surface of samples

.

Current (amperes) Each test averaged for
30 seconds

Test No

Pellet U5-26D

Pellet U4-53D

1.

5.30E-06

3.07E-06

2.

3.39E-06

5.13E-06

3.

7.84E-06

4.01E-06

4.

7.12E-06

2.03E-06

5.

7.88E-06

4.00E-06

Average

6.31E-06

3.65E-06

Using the results from Table 7.1, the electrical resistivity of each sample was
calculated. The results are shown in Table 7.2 and graphically compared with each other
and with the values indicated by Bates et al [19] for the same temperature in Figure 7.13.
It is clear that the resistivity is roughly an order of magnitude higher here than that
indicated by Bates et al. One likely explanation for this is that there is a strong observable
correlation between resistivity and porosity. Electrical resistivity increases—and
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conductivity decreases—with increasing porosity in the sample [127]. The UO2 samples
studied by Bates et al. were almost 100% dense, potentially explaining the very high
electrical conductivity seen in Figure 7.13. There is also a direct dependency of the O/U
ratio on the electrical conductivity of UO2. Ishi et al. found that the higher the O/U ratio,
the higher the electrical conductivity [128]. However, density and porosity are the primary
factors affecting the electrical conductivity of UO2, not stoichiometry. The pellets
investigated here for resistivity measurements have a lower density which explains the
significantly higher resistivity values shown in Figure 7.13.
Table 7.2. UO2 Electrical Resistivity Results
Sample ID

U5-26D

U4-53D

Bates et al. (1967)

Dimensions (cm)

D = 1.09
H = 0.91

Fabrication
conditions

1790°C for
24 hours,
Ar-5%H2

Theoretical Density

94.15%
(10.33 g/cc)

Resistance
(R, ohms)

1.58 X 106

2.74 X 106

1.38 X 106

O/U ratio

2.00

2.00

2.001

Resistivity
(ρ, ohm-cm)
𝝅
𝑽
𝝆 = 𝒍𝒏𝟐 . 𝒕. 𝑰

2.94 X 106

3.94 X 106

2.30 X 105

Conductivity
(σ = 1/ ρ, ohm-1 cm-1)

0.34 X 10-6

0.254 X 10-7

4.35 X 10-6

D = 0.63
H = 1.9
Sintered in commercial
1790°C for grade H2 at 1700°C for
24 hours, Ar- 12 hours; Heat treated
5%H2
for 8-12 hours at 1125
K in purified Ar-8% H2
93.4%
100%
(10.25 g/cc)
D = 1.10
H = 0.93
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4.00E+06

3.50E+06

Resistivity (ohm-cm)

3.00E+06

2.50E+06

2.00E+06

1.50E+06

1.00E+06

5.00E+05

0.00E+00
U5-26D

U4-53D

Bates

Sample ID

Figure 7.13. Resistivity of UO2 samples compared to literature values
7.3. Microhardness Test
Since the primary objective of test was to study cracking of UO2 pellets, it was
equally important to characterize the hardness of the samples. For that purpose, a Vickers
micro indentation characterization method was used to evaluate the mechanical properties
of UO2. Specifically, indentation testing was performed on Pellets U5-26A and U5-26D.
A calibration block was used to verify the operation of the microhardness tester. Vickers
hardness testing across the sample was performed using a Beuhler Micromet-1
microhardness tester (Buehler Ltd, Lake Bluff, Illinois, USA) with loads of 1.96, 2.94, and
4.9 N and with a 10 s loading time for each weight [126]. A total of 12 Vickers indentations
were made in the prepared sample at 3 load levels on two different UO2 pellets U5-26A
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(TD = 93.15%) and U5-26D (TD = 94.2%). SEM imaging was used to confirm indentation
size as shown in Figure 7.14 and 7.15. Indentation size were measured using ImageJ image
processing software.

Figure 7.14. SEM images showing indentation during microhardness test in U5-26A
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Figure 7.15. SEM images showing indentation during microhardness test in U5-26D
The hardness of the material (Pa) is given by;

H=

Pmax
Ac

,

(44)

where Pmax is the peak indentation load in Newtons and Ac is the projected contact area in
units of m2 . The Vickers hardness was also calculated using the expression.
𝐻𝑉 = 1.854×106 ×

F
d2

(45)

where F is the force applied in units of kgf and d is the length of the indention diagonal in
μm [129, 130]. Based on these equations the Hardness and Vickers Hardness number were
calculated for the UO2 samples. The results have been tabulated in Table 7.3.
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Table 7.3. Microhardness test results

Sample ID

Theoretical
Density
(TD)

Hardness
(Mpa)

Vickers
Hardness

Vickers
Hardness (Gpa)

U5-26A

93.15%

6682

649

6.365

U5-26D

94.20%

6847

653

6.404

It can be clearly observed from Table 5 that as density increases, hardness of the
material also increases [130]. The calculated hardness values for UO2 pellets matches well
with the microhardness testing conducted by Bates for low density UO2 pellets at 93.2%
TD which reported a hardness of 600 KHN for UO2.00 [131]. It also is in reasonable
agreement with high density 98.7% TD UO2 pellets which were studied by Schaner [132]
and reported by Wolfe and Kaufman [133]. They reported a hardness of 640 KHN.
7.4. Pycnometry and Porosimetry
7.4.1. Helium gas pycnometry
Density and porosity of the ceramic fuel pellets play an important role in
determining the behavior of their material properties when studied for thermal gradient
driven cracking. Therefore, helium gas pycnometry was done on UO2 and CeO2 pellets
to measure the density of the samples using Micromeritics Accupyc 1340 pycnometer
shown in Figure 7.16.
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Figure 7.16. Micromeritics Accupyc 1340 pycnometer for He pycnometry
The sample prep was done by cutting and sectioning the pellets using diamond saw
and then weighed using a scientific weighing scale. The sample was then transferred into
the pycnometer showed in Figure 7.16 which measured the volume of the sample by
purging helium gas into the pores of the sample at about 20 psi. Ten volume measurements
were obtained and then an average was calculated which determined the volume of the
sample. Thereafter, density was calculated by using the equation,
mass (g)

Density = volume (cc) g/cc
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(46)

Following gas pycnometry, water pycnometry based on Archimedes principle was
also conducted on the ceria and uranium dioxide pellets as well for accurate bulk density
measurements.
7.4.2. Water Pycnometry
Water pycnometry was done to determine the bulk density of UO2 and ceria pellets.
This was done using an aluminum-alloy pycnometer as shown in Figure 7.17 (a) which
was designed to withstand the pressure necessary to force air from viscous material thus
completely filling the pycnometer shell. Each piece of the instrument shown in Figure 7.17
(b) was cut from solid bar stock to ensure there are no pits or cavities. Close manufacturing
tolerances were considered to that the test material will not be forced into threads. For use,
firstly it was ensured that the pycnometer shell was completely dry. The samples were
completely dried by desiccating them for about 24 hours. Density of water was predicted
based on the temperature and humidity of the room. The density temperature correlation
for air free water at a pressure 1 atm valid from 0 to 150°C was given by Kell [134] which
have been reported by Jones and Harris [135] in their work on the 1990 International
Temperature Scale in 1992. Then the dry, empty pycnometer was assembled and weighed.
Thereafter, the pycnometer was filled with water completely to the brim of the shell
and it was closed and weighed. Moving along, the test sample was added, and the container
was covered with the lid. Screwing down the lid forced excess water out through a 1/8”
(3.2 mm) hole. Now, the pycnometer with water along with the sample is weighed and
recorded. Prior to putting the sample inside the pycnometer, its weight was measured.
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Figure 7.17. (a) Assembled water pycnometer

Figure 7.17 (b). Individual components of water pycnometer
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After recording all the necessary weights, first the mass of water displaced was
calculated as;
Mass of water displaced (grams) = [M(Pyc + Water) – M(Pycnometer)] –
[ M(Pyc + Water + Sample) – M(Sample) – M(Pycnometer)]

(47)

where, M(Pyc + Water) is the weight of pycnometer filled with water, M(Pycnometer) is the weight
of the empty assembled pycnometer, M(Pyc + Water + Sample) is the weight of the pycnometer
filled with water and sample and M(Sample) is the weight of the sample alone. All the weights
were measured and calculated in grams. After calculating the mass of displaced water, the
volume displaced water was calculated as;
Volume of water displaced (cubic centimeters) =

Mass of water displaced (grams)
grams
)
cc

Density of water (

(48)

Since the volume of water displaced is due to immersing the sample in the water,
realistically it can be assumed that the volume of displaced water is actually the volume of
the sample. Thus, the density of the sample can be computed as;
Density of sample (grams/cc) =

Mass of sample (grams)
Volume of sample (cc)

(49)

7.4.3. Mercury Porosimetry
Using the volume obtained from He pycnometry, the porosity of the UO2 and ceria
samples was measured by Mercury Porosimetry done by Poremaster 33 as shown in Figure
7.18.
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Figure 7.18. Poremaster 33 for Mercury Porosimetry
The low pressure and high-pressure analyses were set by using the measured mass
of the sample and the volume calculated using helium pycnometry. The Hg Porosimetry is
based on the principle of applying controlled pressure to a sample immersed in mercury,
where an external pressure is needed for Hg to penetrate the pores of a material due to high
contact angle of mercury. Hg intrusion pressure is inversely proportional to Pore size. The
mercury porosimeter generates volume and pore size distributions from the pressure versus
intrusion data from the Washburn equation given by,
165

D=−

4γ cosθ
P

,

(50)

where P is the pressure of Hg intrusion, γ is surface tension of Hg, 𝜽 is the contact angle.
A total of four UO2 and four ceria samples were analyzed by He and water
pycnometry for density measurements. The same four samples each of UO2 and ceria were
also characterized by Hg Porosimetry for porosity measurement. The results have been
outlined in Table 7.4.
Table 7.4. Results of pycnometry and porosimetry of UO2 and CeO2 pellets

Material

UO2

CeO2

Pellet
ID

He
Pycnometry

Hg
Porosimetry

Water
Pycnometry

U5-22B

10.27 g/cc

8.00%

10.24 g/cc

Theoretical
Density
(%)
93.43

U5-18

10.32 g/cc

6.93%

10.28g/cc

93.79

U3-42A

10.25 g/cc

7.69%

10.18g/cc

92.88

U3-43A

10.41 g/cc

7.27%

10.22g/cc

93.24

004

7.50 g/cc

7.70%

7.04g/cc

97.51

005

7.46 g/cc

10.17%

7.02g/cc

97.23

006

7.39 g/cc

8.00%

7.06g/cc

97.78

007

7.55 g/cc

6.11%

7.04g/cc

97.51

The density and porosity of UO2 is of special interest since the focus is on
characterizing UO2 pellets. Therefore, the measured density and porosity values of the
UO2 pellets were compared against the data provided by the manufacturers which have
been shown in Table 7.5.
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Table 7.5. Density and porosity data for UO2 pellets from manufacturers

Material

Pellet ID

Porosity (1-TD%)

Theoretical
Density

U5-22B

6.76%

93.24%

U5-18

6.51%

93.49%

U3-42A

7.11%

92.89%

U3-43A

7.04%

92.96%

UO2

As it can be clearly seen from Tables 7.4 and 7.5, the calculated values are in
reasonable agreement with the data supplied by the manufacturers of the UO2 pellets which
confirms good characterization work. The bulk and theoretical density for ceria measured
using water pycnometry also matched quite well with the theoretical density of 97.5% as
reported by T.W. Knight et al. [110].
Therefore, to summarize, the research efforts encompasses an in-depth literature
review and comparison of temperature dependent material properties between ceria and
UO2; building a state-of-the-art experimental set up for studying cracking; collecting
cracking and temperature data in real time during resistive heating of out-of-pile UO2
pellets and extensive characterization of the pellets before and after cracking to understand
electrical and mechanical properties along with crack initiation, propagation and
mechanisms driving cracking.
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CHAPTER 8
CONCLUSION
This research work is focused on experimental efforts for studying temperaturegradient-driven cracking in UO2 by using of resistive heating to approximate the conditions
experienced by ceramic nuclear fuel pellets like UO2 in an LWR environment while
validating the test stand by using ceria as a surrogate material for UO2
The main objectives of this work are: (1) to survey the relevant properties of ceria
relative to UO2 in an effort to assess whether qualitatively similar behavior should be
expected between the two materials in resistive heating experiments, (2) to demonstrate the
use of resistive heating to cause cracking in ceria pellets and document the results of those
experiments, (3) using the same experimental apparatus to replicate the thermal conditions
experienced by UO2 pellets under a variety of operating conditions in the reactor, (4) to
collect data using this apparatus for the validation of cracking models in fuel performance
codes such as BISON, (5) to characterize (Optical microscopy, SEM, electrical resistivity
measurement, micro-hardness test, helium/water pycnometry and mercury porosimetry)
as-fabricated and cracked pellets to better understand the mechanisms of cracking and
explore basic material properties relevant to this study and (6) use the cracking data to
perform simulations of the behavior of UO2 under resistive heating conditions to better
understand its behavior under resistive heating and assess the validity of computational
models.
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The relevant electrical, thermal, and mechanical properties of these two materials
are qualitatively similar to each other. Initial experiments have been conducted using the
proposed experimental equipment, employing a novel dual-imaging system that permits
capturing in situ thermal and optical images of the pellet surface.
It has been demonstrated here that the experimental setup is able replicate the
thermal conditions experienced by fresh fuel in an LWR to a reasonable degree. The
combined approach of induction and direct resistance heating created volumetric heating
within the pellet, which together with radial heat rejection generated temperature profiles
in the pellets reasonably close to those expected in the reactor. The thermal gradients
produced with this approach led to cracking that is somewhat representative of that which
would occur in fresh fuel in the LWR, with a major difference being that the radial cracks
in these experiments were largely concentrated on the path between the electrodes in the
experiment, while they would be distributed more uniformly around the periphery of fuel
in the LWR environment. The direct resistance heating method is flexible in its ability to
replicate different reactor power levels rapidly, which allows it to simulate a variety of
transient conditions and characterize the accompanying cracking.
The dual imaging system has been shown to be highly useful for characterizing
both the thermal conditions and fracture initiation and growth during the experiment,
providing data that can be directly used for validation of fracture models in fuel
performance codes. Crack formation was visible both through the observed discontinuities
in the temperature contours provided by the thermal imaging and the observed cracks in
the optical images.
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Temperature profiles across the pellet are in reasonable agreement with the BISON
models, although there are some discrepancies that can potentially be addressed by adding
additional features of the experimental apparatus to the computational models, and by
refinement of material models. The electrical conductivity of UO2 increases sharply with
increasing temperature, and the pellets were found to become sufficiently conductive to
produce a measurable voltage drop once they reached an average temperature of about
460°C—which, in all the tests, occurred after less than 10 s of induction heating. For UO2,
the average radial temperature differences prior to cracking were measured to be 201.6 and
270°C along the horizontal and vertical lines, respectively. The infrared data also show that
cracks initiate at when the difference between the peak (centerline) and surface temperature
is on average 221 and 163.5°C along the horizontal and vertical lines, respectively. In all
the tests, cracking was first observed when the current was between 3.5 and 4 A at an
average peak temperature of 1600°C.
Along those lines, for CeO2, the electrical conductivity of the ceria also increases
sharply with increasing temperature, and the pellet was found to become sufficiently
conductive to result in a measurable voltage drop as soon as it reaches an average
temperature of 1000°C in 60 seconds of induction heating for all the tests. The average
temperature difference from the three tests along Line 1 (across electrodes) just before
cracks initiated was 210°C, while the average temperature difference across Line 2 at that
time was 308°C. At the end of the experiments, the average values of these temperature
differences were 258°C for Line 1 and 181°C for Line 2. This experimental data showed
that cracking started mostly at 1700°C during the first current ramp to 8 A.
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As fabricated pellets were chemically etched with 95% sulfuric acid and 30%
hydrogen peroxide to reveal grain boundaries. SEM imaging of as fabricated UO2 pellets
showed that the pellets were thermally etched during the sintering process in a reducing
atmosphere in the presence of H2. Post-test SEM characterization revealed that the primary
cracks on the cracked surfaces were formed due to the combination of inter and intragranular cracking. Primary cracks appeared to be more energetic and were formed early in
the cracking process. The secondary cracks appear to be less energetic formed in the later
stages of the cracking process. They were mostly formed and propagated along the grain
boundaries. Fractography showed that the smooth, rounded, protruded surfaces, were the
regions of grain boundary cracking whereas flattened features with band-like structures
were the sites of intragranular cracking.
Measurement of electrical resistivity and micro-hardness at room temperature was
also done which showed good agreement with earlier reported values from literature. Since
electrical resistivity is the primary material property driving resistive heating; it was crucial
to measure the resistivity of the pellets and were compared against previously published
data. It was observed theoretical density and stoichiometry strongly affects the electrical
conductivity of the material.
The densities and porosities of the samples were measured using helium/water
pycnometry and Hg porosimetry respectively. The measured values aligned quite well with
the data reported by the manufacturers. The additional material properties’ characterization
data will be useful for improving computational models of these experiments.
Simulations indicate that with adjustments to the applied conditions, ceria can serve
as a reasonable surrogate for UO2 for resistive heating experiments. It was observed that
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with some calibration of parameters, temperature profiles before cracking across the pellet
can be brought into reasonable agreement with the BISON models, although there are some
discrepancies that can potentially be addressed by adding additional features of the
experimental apparatus to the computational models, and by refinement of material models.
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APPENDIX A
PYTHON SCRIPT FOR CONVERTING RAW DATA TO
TEMPERATURE
# -*- coding: utf-8 -*"""
Created on Mon Aug 17 11:18:32 2020
@author: JGiaquin
"""
"""
The measurement formula
"""
#%% import libraries
import numpy as np
#%% object parameters
Emiss = 1.0
distance = 0.0
TRefl = 21.85
TAtmC = 21.85
TAtm = TAtmC - 273.15
Humidity = 0.0/100
TExtOptics = 20
TransmissionExtOptics = 1.0
Tau = 0.0
#%% camera calibration parameters
# these depend on indivudal cameras and temperature range cases
R = 16556 # this must be R_Thg for Ax5 cameras
B = 1428.0
F = 1.0
J1 = 22.5916
J0 = 89.796 # sometimes refered to as O on Ax5 cameras
#%% function
def counts2temp(
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data_counts:np.Array,
tau:float = 0):
# if tau != 0:
#
H2O = Humidity * np.exp(1.5587 + 0.06939*TAtmC 0.00027816*TAtmC*TAtmC +0.00000068455*TAtmC*TAtmC*TAtmC)
#
Tau = X * np.exp(-np.sqrt(Dist) * (A1 + B1 *
np.sqrt(H2O))) + (1 - X) * np.exp(-np.sqrt(Dist) * (A2 + B2 *
np.sqrt(H2O)))
# else:
#
Tau = tau
K1 = 1 / (Tau * Emiss * TransmissionExtOptics)
# Pseudo radiance of the reflected environment
r1 = ((1-Emiss)/Emiss) * (R/(np.exp(B/TRefl)-F))
# Pseudo radiance of the atmosphere
r2 = ((1 - Tau)/(Emiss * Tau)) * (R/(np.exp(B/TAtm)-F))
# Pseudo radiance of the external optics
r3 = ((1-TransmissionExtOptics) / (Emiss * Tau *
TransmissionExtOptics)) * (R/(np.exp(B/TExtOptics)-F))
K2 = r1 + r2 + r3
data_obj_signal = (data_counts - J0)/J1
data_temp = (B / np.log(R/((K1 * data_obj_signal) - K2) + F)) 273.15
return data_temp, data_obj_signal
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APPENDIX B
COMPUTATION OF HEAT TRANSFER COEFFICIENT WITHIN TEST
STAND

l_gaps = 0.0019040000000000012
l_gaps2 = 0.0016740000000000012
h_gaps = 78.78151260504197
h_gaps2 = 89.60573476702503
h_mo = 86008.47970926712
h_bn = 8436.445444319459
h_cond_overall = 77.98187020368017
h_cond_overall2 = 88.57270328173502
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APPENDIX C
COMPUTATION OF HEAT TRANSFER COEFFICIENT FOR
NATURAL CONVECTION

nu_helium=0.0001798929900744417
Pr=0.67
Gr=173.88418829358122
Nu=2.14454211830868
h_conv=0.142969474553912
h_overall = 0.14270783855262986
h_overall2 = 0.14273907252889018
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APPENDIX D
COMPUTATION OF RADIATIVE HEAT TRANSFER COEFFICIENT

h_r = 17.558106512507297
h_r_alt = 17.5581065125073
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APPENDIX E
NET RADIATIVE HEAT TRANSFER COEFFICIENT

h_gaps_adj = 93.92251304909918
h_mo_adj = 136041.95804195807
h_bn_adj = 24082.747145290523
h_r_adj = 35.67807243341483
h_cond_overall_adj = 25.82353261539531
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